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ABSTRACT

The Middle Ordovician (Champlainian) mixed
carbonate/siliciclastic Ancell and Sinnipee groups in eastern
Wisconsin contain ten lithofacies arranged in eleven parasequences and
four sequences. Classification of the ten lithofacies is based on major
skeletal compohents, sedimentary structures, textures, and
argillaceousness. These lithofacies are interpreted to have been
deposited in subtidal environments, mostly below fair-weather wave-
base and above storm wave-base. The exception is laminated sandstone
lithofacies of eolian origin in the St. Peter Formation.

A low-wave energy, microtidal, storm-dominated ramp model is
postulated for some unusual ramp successions in the Sinnipee Group
which lack near-shore shoal belts so that inner-ramp lagoonal
mudstone prograded over low-energy storm-influenced mid-ramp
deposits. This unusual ramp successions in the Sinnipee Group is
interpreted to be caused by unusual hydraulic»conditions in which
incoming oceanic waves looses their energy very gradually over wide
area in a broad epeiric sea.

Sequence stratigraphic models of end members siliciclastic and
carbonate systems are relatively well-established, yet there hés been
little attention to mixed carbonate-siliciclastic sequences deposited
on low-angle shelf. This work illustrates the variations from sequence
to sequence, and pafasequehce to parasequence, of the role of
depth/productivity profiles, transport of sediment offshore, dominance

of heterotrophs over phototrophs or mixotroph biota, and variability in
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siliciclastic influx.

Four depositional sequences are identified: the St. Peter and
Platteville formations contain two sequences, and the Decorah and
Galena formations contain one sequence each. The sequence boundaries
correspond to identified or inferred unconformities.

Each depositional sequence shows gradual transition from a basal
siliciclastic-dominated to an upper carbonate-dominated setting. The
strata above the sequence boundariés are generally characterized by
relatively high amounts of fine-grained siliciclastic sediments and
storm beds, probably related to long-term lowering in relative sea
level. An alternative but not conflicting hypothesis to explain the
" changes in clay content observed in the Galena Formation is changes in
climate.

The Sinnipee Group carbonates have many characteristics of
temperate-water carbonate deposits even though they were deposited
within the tropical to subtropical belt, near the equator in the
Caradocian. The Galena Formation, which corresponds to the late
Caradocian, shows the typical characteristics of temperate carbonates
in terms of fauna, and lack of buildups, composite grains and coated
grains. Howéver, general warmer conditions are inferred to have
prevailed during deposition of the Platteville Formation based on the
grain composition.

Ferruginous hardgrounds are abundant in the Sinnipee Group; in
particular the Galena Formation contains numerous repetitive
occurrences of hardgrounds. Although general characteristics and

associated minerals in the Sinnipee Group hardgrounds are similar,
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more than one process seems to be involved in the formation of
individual hardgrounds with varying degrees. There seem to be chemical
constraints controlling the formation of hardgrounds such as sea water
chemistry including redox potential, as well as physical constraints

such as base level change. Periodic change of such constraints could
result in repetitive hardgrounds. The pérticular abundance of
hardgrounds in the Galena Formation is probably related to the general

cooling trend in the Late Ordovician.
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I. INTRODUCTION

1. PURPOSE AND IMPORTANCE

The Middle Ordovician (Champlainian) mixed
carbonate/siliciclastic Sinnipee Group in eastern Wisconsin outcrops
extensively in southern and eastern Wisconsin (Fig. 1). This unit has
received little previous study compared to relatively well studied
upper Mississippi Valley units in southwestern Wisconsin. Therefore,
the objective of this study lies in a three dimensional reconstruction
of the Sinnipee Group lithostratigraphy in eastern Wisconsin and their
interpretation within a sequencé stratigraphic framework.

The Sinnipee Group carbonates are peculiar in that they have
many characteristics of temperate-water carbonate deposits (James,
1990) even though they were located within tropical to subtropical
belt near the equator in Caradocian (Late Ordovician Epoch) Age. Also,
numerous hardgrounds occur repeatedly at decimeter-scale intervals
particularly in the Galena Formation. Solving these problems in relation
with paleoclimate/paleoceanography is the second most important

objective.
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Fig. 2. Correlation of Cambrian/Ordovician rock units of southern and
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2. GEOLOGIC AGE, SETTING, AND PALEOGEOGRAPHY

The Middle Ordovician Sinnipee Group conformably overlies the St.
Peter Sandstohe (Middle Ordovician, Champlainian) and is
unconformably overlain by the Magquoketa Shale (Upper QOrdovician,
Cincinnatian) (Fig. 2). This unit corresponds to the Late Ordovician,
Caradocian Age in the global standard, but corresponds to the Middle
Ordovician chronostratigraphic unit, the Champlainian Series, in North
American standard. Sinnipee Group strata and equivalent units form a
thick sequence of carbonate rocks that blanket much of the Midwest. In
this region, the Transcontinental Arch, Ozark Dome and Cincinnati Arch
served as the major terrigenous clastic sediment source during marine
deposition from Middle Ordovician-Devonian epeiric seas (Templeton
and Willman, 1963; Witzke, 1980).

Following a period of erosion resulting from a global Early
Ordovician sea level regression, the Middle to Upper Ordovician seas
transgressed into much of the cratonic interior, accumulating the
thick cratonic Tippecanoe Sequence (Sloss, 1963). As marine
transgressmn continued and the clastic source areas were mundated
deposition of Champlainian Series sediments gradually changed from
the clastic rocks of the St. Peter Sandstone to the predominantly
shallow-water carbonate sediments of the Sinnipee Group (Fraser,
1976; Witzke, 1980; Fig. 3).

Overlying the St. Peter clastic rocks are the Platteville, Decorah,

and Galena formations (Fig. 2). These formations comprise the Sinnipee

Group and are distinguished each other by argillaceous material
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content. The oldest unit, the Platteville Formation, is argillaceous
limestone/dolostone. The Decorah Formation is composed of shale and
shaly carbonate. The youngest formation, the Galena Formation is
relatively argillaceous-free carbonate.

Eastern Wisconsin is structurally located between the Michigan
Basin and the Wisconsin Arch. This relationship is shown by a structure
contour map on top of the Ordovician Galena Formation and on the
Cambrian Galesville Sandstone north and west of the outcrop limits of
the Galena (Fig. 4). The first major upward movement of the Wisconsin
Arch occurred in Late Cambrian time, and spasmodic upheavals
continued throughout Early Ordovician time, as evidenced by the

sandstone units and major unconformities present in the rocks of these

ages in eastern Wisconsin (Cohee, 1948).
3. PREVIOUS WORK

Middle and Late Ordovician rocks of the upper Mississippi Valley
region around the mining district have been extensively studied since
the 1850's (Hall, 1851; Bain, 1905; Kay, 1935; Agnew et al., 1956;
Templeton Jand Willman, 1963; Ostrom, 1967a; Willman and Kolata,
1978; Witzke, 1980; Witzke and Kolata, 1989). The primary
lithostratigraphic and biostratigraphic study was done by Agnew et al.
(1946, 1956) and Ostrom (1967a). Buschbach (1964) has described the
character and extent of the Platteville and Galena formations in the
subsurfaces in northeastern llinois. Conodont studies have been done

for the Platteville Formation by Atkinson (1971), and for the Decorah
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and Galena formations by Clark and Babcock (1971).

Many people have worked on various aspects of the Middie
Ordovician Champlainian Series particularly in the Mississippi Valley
region. Many different stratigraphic names have been applied to this
geological interval. In this study, Ostrom's (1967, 1969) nomenclature
is used assigning the Glenwood to the uppermost member of the St.
Peter Sandstone. The St. Peter Sandstone below the Glenwood Member
is composed of quartz-arenite containing abundant eolian cross bedding
(Winfree, 1983). The Glenwood Member comprises argillaceous
sandstone, fissile green shale, and arenaceous dolostone in ascending
brder (Long, 1988).

Detailed study of many sections in northern lllinois by Templeton
and Willman (1963) shows that the Sinnipee Group is subdivided into a
number of widespread units based mainly on the relative amount of
clay and silt. Small variations of the clay and silt affect the physical
appearance of the strata. The argillaceous units tend to be finer
grained, denser, less dolomitic, thinner bedded, weather to lighter
colors, and have smoother vertical faces than the carbonate units,
which are vesicular and vuggy and have rough weathered surfaces
where dolomﬂitic (Willman and Kolata, 1978).

The Platteville Formation comprises three members: Pecatonica,
McGregor, and Quimbys Mill (Agnew et al., 1956). The McGregor Member
is correlates to three formations in lilinois: the argillaceous Mifflin
and Grand Detour, and the argillaceous-free carbonate Nachusa
formations (Templeton and Willman, 1963). Same stratigraphic

nomenclature is used in this study but they are regarded as members.




The Decorah Formation comprises three members: Dunleith, Wise Lake,
and Dubuque. Table 1 illustrates this subdivision.

Broad paleogeographical and environmental interpretations were
provided by Witzke (1 980, 1987, 1990) and Witzke and Kolata (1 989).
Middle Ordovician paleography of the North American continent
suggests that Middle Ordovician clastic sediments adjacent to the
Transcontinental Arch were deposited in a humid equatorial belt, and
carbonate deposition predominated in arid belt that included Wisconsin,
southeastern lowa, Missouri, and lllinois (Witzke, 1980, 1987; Droste

and Shaver, 1983; Van der Voo, 1988; Poncet and Roux, 1990). Clastic

source areas on the Transcontinental Arch were inundated, as the
marine transgression continued, and a continuous sheet of carbonate
sediments spread across most of the continental interior by the end of
the Edenian (Witzke, 1980).

In contrast to the wealth of studies conducted on Middle

Ordovician rocks in southwestern Wisconsin, little attention has been
devoted to the lower Paleozoic strata in eastern Wisconsin. A major
geologic investigation in eastern Wisconsin was done by Chamberlain

(1877). Ostrom (1 967b) constructed a geologic cross section through

eastern Wisconsin using drill cuttings. Atkinson (1971) cited several
exposures of the Platteville members Formation in northeastern
Wisconsin recognizing the three Platteville members defined in
southwestern Wisconsin. He described the conodont fauna at each
‘location. He élso compared the conodont fauna occurring in eastern
Wisconsin with those of southwestern Wisconsin concluding that the

Platteville Formation becomes younger in a westward direction.




FORMATION

l GALENA

MEMBER

Dubuque
Wise Lake
Dunleith

SUBDIVIDED UNITS IN
NORTHERN ILLINOIS

H SINNIPEE | DECORAH

Guttenberg
Spechts Ferry

Quimbys Mill

PLATTEVILLE

McGregor

Nachusa
Grand Detour
Mifflin

Pecatonica

Glenwood

ANCELL | ST. PETER _

Table 1. Stratigraphic nomenclature applied to Sinnipee Group in

southwestem Wisconsin an

al., 1956; Templeton and Willman, 1963)

d northern lllinois (Modified from Agnew et




Moretti (1971) described a reference section for Paleozoic rocks in
eastern Wisconsin based on a core extracted in Sheboygan County. He
recognized all members of the Platteville and Decorah formations
present in southern Wisconsin, but noted that the Dubuque and Wise
Lake members of the Galena Formation are missing due to pre-
Maquoketa erosion. LoDuca (1986) conducted a lithologic description of
the Sinnipee Group in northeastern Wisconsin, and identified two |
formations and five members, namely, Pecatonica, McGregor, Quimbys
Mill members of the Platteville Formation, and Dunleith, Wise Lake
members of the Galena Formation. He recognized a general northward
increase in argillaceous material content. He also suggested that the
Decorah Formation is absent in this region due to facies change rather

than non-deposition.
4. METHODOLOGY

17 field and 6 core locations were selected for this study from
vWinnebago, Fon du Lac, Dodge, Dane, Jefferson, Waukesha, Racine, and
Kenosha counties (Fig. 1). Each section was measured and described in
detail in terrhs of lithology, sedimentary structures and textures, clay
content, and fossils énd ichnofossils. Several outcrops of the study
area to the southwest and northeast were visited for comparison and
correlation. Of the measured sections, 420 samples were collected for
a laboratory study. Samples were taken at noticeable changes in
lithology, or at average vertical interval of 1-2 m if the lithology did

not change much over that distance.




Field samples were slabbed and polished for more clear

recognition of sedimentary structures and textures that are not fully
or barely recognized in the field. About 90 thin sections were prepared
in laboratory for recognition of component minerals, fauna, and
diagenetic features.

Conodont study has been done to correlate the uppermost
Platteville Formation and the lowermost strata above the Platteville
Formation in eastern Wisconsin to the Sinnipee Group strata in
southwestern Wisconsin. 1-3 kg Samples were taken from the
uppermost unit of the Platteville Formation and Iowermost unit of the
Galena Formation. The samples were crushed and immersed in diluted
formic acid for 24 hours to dissolve carbonate. Later, they were
washed through 18 mesh and 120 mesh sieves to get finer fractions.
The finer fractions were dried and immersed in heavy liquid with
specific weight 2.96 to separate the heavy fraction. The heavy
fractions were washed by acetone and redried. The final conodont
specimens were hand-picked from the dried heavy fractions with the

help of binocular microscope.

For carbonate textures, Dunham's (1962) terminology is used

although most of the carbonate rocks in the study area are pervasively
dolomitized, thus often original textures are hardly recognizable. The
crystallinity of dolomite was expressed according to Payne crystal
scale as follows:

Very coarse-crystalline 1-2 mm

Coarsé-crysta"ine 0.5-1 mm

‘Medium-crystalline 0.25-0.5 mm




Fine-crystalline
Very fine-crystalline
Sublithographic
Lithographic
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0.125-0.25 mm

0.062-0.125 mm
0.004-0.062 mm
< 0.004 mm

For grain size of both carbonate and siliciclastics, Wentworth

size scale is used.

The thickness of beds is described as follows:

Very thin-bedded
Thin-bedded
Medium-bedded
Thick-bedded
Very thick-bedded

less than 3 cm
3-10 cm
10-30 cm
30-100 cm

> 100 cm

The term 'massive' is applied to any lithologic unit, regardless of

thickness, which has no internal bedding planes.

For porosity types, Chdquette and Pray's (1970) nomenclature is

used. For relative intensity of bioturbation, five grades are defined

from none to pervasive. For argillaceousness, also five grades are

defined semi-quantitatively.
Carbonate
Slightly argillaceous
Moderately argillaceous
Very argillaceous
Shaly

< 2%
2-5%
5-20%
20-50%
> 50%

For determining approximate content of argillaceous material, the -

author's own experience in other project in relating the apparent

argillaceousness and actual insoluble residue was used. Quartz grain




content ranging from sand to silt size was measured on thin sections
under microscope by comparison with the chart for visual percentage.

After these analyses ten lithofacies were defined based on the
difference in major component grains, sedimentary structures and
textures, which represent specific depositional environments and
processes by which they were generated (Table 2) and described in
Chapter IV. All the data are plotted as stratigraphic columns to see
graphically the vertical change in each measured sections (Appendix B),
and as cross sections (Appendix C). The correlations are performed
basically on inferred time planes although most are in reference to
lithologies. Cross section of the Platteville Formation with

interpretation is shown in Fig. 6.

14
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5. FIELD AREA

The field area is located in eastern Wisconsin. Locations of
detailed measured sections are shown in Fig. 5 and listed with total
thickness of each section in Appendix A. Most of the outcrops are rock
| quarries in eastern Wisconsin some of which are still actively being
mined. All six cores were extracted by Mobil Oil Corp. from
southeastern counties, and they are stored in the WGNHS (Wisconsin
Geological and Natural History Survey) Sample Repository (1923 East
Kenilworth Place, Milwaukee) under the file number BD, with depth
from ground in feet.

The measured stratigraphic interval ranges from the top of
1eolian’ St. Peter sandstone beds characterized by large-scale cross-
bedding to the top of the Galena Formation represented either in
outcrop or in subsurface.

All specimens referencéd in this thesis are in the collections of
the department of Geology and Geophysics, University of Wisconsin-
Madison, under file number U.W. 1896.




"$31GO|ML (1 edA1) (981)
*aJe1 spunoibprey ‘sploul) *popesb Ajjewsou 03 auojsyoed
‘gusodap  “ON Y3m pajeloosse aw ‘auyjeIsK1d sgueozolig popesb Ajiood ‘panlos “xnew 3sejoolq pue sisejenul 01 auoisujesd
wiio1s dWEL-PIN UHIN BU3 Ul SJR220 ApsoN  -unjpaw 03 -auld *eam 0} aJey ispodojyoerg  Ayood ‘pappag-uy L. poazjs-ajqqad 03 -pues asieo)| Onsed0|g-enu
3
*$93qO[AL ‘swieas snodoeyibie 1
*UOWIIOD ‘spodonses ‘Ae.B sep 03 uaa.b Aq papunoLns
"GMS pue gMd spunoibpeH *(sapjoussefeyl ‘sueozofig sajnpou Huoj wo ¢-1 *auoysujesb (ON)
ugamiog ‘uopyoeduiod ‘sa3upuold) ‘spioui) ‘pappaq onsejoenul Bupeeo1elul Juepunge 2jeUOGIED
dwel-piN  aW UllEiN Byl Ut $IN220 “auyjiesAio-auld Buons 01 yeom  ‘spodoiyoesg ApenBaiy -upy FSETN Yyam auolsyoed 0} duoISPNN 1ejnpoN
*Ae1B >piep 03 WNPaN '%01 1
03 dn uopJodoud Bujhlea uj nd30 v
*UOWWIOD *SIUAOML suje. pues zuenb Supeoy ‘poujesb| (1 adAL) (dms)]
*y1Jou By} 0} dsedIOoUl spunouBpreH *(sapoujssefeyl ‘sueozolig 951200 0} ~WNPap 'UoREeqIMoIq auoysyoed] o
‘GM4 Mojeqg 1UD3U02 15Ej00ig "qu “au)||easAi ‘saqupuoyn) ‘spodoijoesg 03 9Np PN 91BUCHIED LM Paxil " 0} SUOISINIEM
dwes-ppw Joddn  -gng BuRY) B3 Ul sinooQ  -Wnipswl 03 -auld ansensad 0y Buong ‘spiouy) *pappaq-wnipa eUNE} 9SJAAIP SO SPUES [EIDS {eslans
“Aeab br1 ‘paemdn paujeib 19s1e0d
“Inos *spaq Yo|-9IBUoqIed pue pauos Janaq AYesausd *poHOS
atfy 03 ssawiolyy Bujsedsout u) spunoJbpieH *(sapouissefeyl Ayood 03 AP1e13poN ‘sujesf
‘M4 moleq yam "wiy aliinaleld -auljjeIshio ‘sajupuoy)) zyenb 9605 uey) atowl Ajiesauch 0S)
dwel-piw soddn mojaq Isnf N30 -winjpaw 0} -suld anisensad 0y Buons *9UON *pappag-wnipen UM paxi pnuws sl Ajreuibuo] eeuoqled Apues
‘piemdn
soseaou) JUSU0D pues *595U3} BUOISPUES *SasUa)| “4olyy wo g-¢ ‘sosus|
*07) BYsOUaY Ut Ajuo ‘an Bupejedsaiul auo)spues paujelb auoispues zyienb paujesB-wnipaw (us)
-dwes doop 03 -piN POOMUBID B Ul $IN220 ay uj 1daoxa asey “UON -WNIPall ujLf} SURIU0Y sufeuo) "alissl ‘u9216 Jed ajeys
o3
wo 0S-0¢ ‘spoqg aAssew *( sa3puUoY) ‘mojjok (SW)
‘gM4 Mojpgq S BuoIspuEs pajeuiwe] ‘SOYOXS) ysiueaib 03 mofjek b ~auoispues auolspues
dwel-piw Joddf) By} 9AOGE SIN03Q  'PIIUBUIRD Auood anseasad 03 Buong aUON ‘8AIssew ‘pappag-uoN z31enb paujeB-as1203 03 -UNIPOW aAIsSEN
‘us 9 03 dn ssaWOIYY *}8s pappaq-ssoId *MOJ2A YSIUYM *auolspues (SN} d
ajqenen Aubiy yum ajeas afiie) uiyum 2110 PApUNOY ||3M *pIUOS auoyspues|”
‘643 ueyol *dgy HQd 2A0qe SN0 “pajuawad Alood *aueYy uoN pareule| Kjauy KIoA 1I9M KioA ‘paulelB-unjpaul 03 -ould pajeujwe
@ouBpUNge
aA[IE}dd
spunoibpiey Aq sujes Buipped
uojjePosse /sainesy ${1S60j 9JBIL |e3994S /594n30Nnns Joj09/sujeld (uoperaiqay) S
uopejasdioy) s9|joe4 /99UBAINI0 opauabelq Juopeqimold /115804 Aeyusui|pas 91BUOGIED-UON/BINIXIL sajoejouI| T

-dnoJg aadiuuis vcm auolIspues J4939d “1S 4°

-Audeabresisoyi 1S

ddn ay3 J0 Alewwing sa1oejouilT Z 9|0elL




17

'spodoiyoelg “umoJq Jie( 'spaq auoisyoed (M2)
‘dwes ‘gt anbngnq ‘(seaupuoy)) (%06 uyy A1oA Bunejeasaiul Ajeucisedso aU0ISaRoBM
-pit JoMOT] ay3 Ul 511200 Auiey aule1skio-sul4  UOREGIMOIG %edp 01 dn) SpIoULD *(&) Pappag-uiy L Y3IM BUOISBHOBM O} BUOISPNN |eploup)
‘sajynoeydessy
“(sa3puoyd) ‘(sofew (PW
‘dwies ‘qn e ucpeqImolq BWOIOWLIOH) ‘umolq ysyding auojspnus
daag 01 -pIN  3SIM 3U3 Ul 51230 Ajujely “auljeIshi-auy AIsA Puong 03 aley podosses ‘pappag-uy]  @)euodJed 03 snoaoeyibie ABYBiiS SNOJaYjISSO
VY
*s|eso2 asobnu N
Juepunge ‘sugozolig (2 2dAL) (dMS
‘N 34eT ISIM spuno.tBpaiey *(sapjouissejey ] ‘sayqoj L auolsyoed
‘dwes  Jomo] 03 yysjung 4addn *augeIsAsn ‘5aIPUOYD) ‘sploups) ‘peppeq  ‘@jeuogsed 0} snogoe|jibly ‘eunej] 0} BUOISINIEM
dosp O3 -pIN e uowwod Apejnojiied  -winjpalu 0} -Buld p3jeqImolq Ajasuag  ‘spodojyoe.g %2143 03 WNIpay BSHIAIP JO SISBD0|( PazZis-pues BN
*spunoJbpley
juepUNgy ‘sapsosod *saynae3daoay
ABBNA/JBINDISOA ‘SaNGOjL ‘1yng 0}
‘dwes ‘IM "3S Ul g Yaisunp juepunqy  ‘(isaproussefeyl) ‘sueozolig UMOJQ Ysimo|jah (ad>
-piw Joddpy Jaddn ay} u) Ajujew san220 *auljjeasA1o-wnipap ajesopopy  ‘spodojyoeig ‘pappag-wnipa b "auwojop 994)-snoaoej|ibiy]auoisojop snolod
“ujejd Buippaq 0
‘g YiLajunQ Jamoj 8yl U0 UOWILLOD >
‘gmd  ut sBupuied afeys 314w spodojyoelq (usy 2
Mojaq dwel-pIy 0} -LIW SE SINJJ0 ARSON ‘uojoedwio) 'Buons 03 91eIepon pIyLO *pappag-uy) AIop *9|Isstj ‘UaIH ajeyd! ¢
*UOLILIOD
spunoJbpieH *sje102 asobni *Ajjeiaie] |oms pue
"GN 9B 9SIM JOMO]  "UOWWOD sapisolod ‘S931q0J1 L youyd ‘pareuiwe| (g'z 2dA1) (084
‘aMd By} ui uowwod ¢ adAL Jlpjow/183jaysS *(saaupuoy)) ‘splou)  pue papeid Ajeuiou *92IS pues 954203 suoysyoed
mojeq sysodap  aIuM “q Yiejung 1amoj *aujjeISAID uopeqniolq  ‘sueozoAig  sJe spag suolsulesd Jo Apsouw sysejoolq pajuswibey 03 suolsujesty
wio3s dwel-pyy  8Y3 U Juepunqe Z 8dA]  -3SJe0D 03-WNipap ansensad 0) yeapy  “‘spodojyoesg  dwos 'pappag-uiyL ‘papeiqe ‘parioddns-ulels [e1019S
- *UOLULICD —
sajnpou 1ayd 3
‘premdn Aysosod 3
ABBNA/IBINDISOA juepunqge 3
‘dwies 'spaq oyl se juepunqe aiop  '(isapjouissejeil) spjow ‘pappaq ‘UMOIQ (ad
-piw Jaddn) "qW ESNUDEN BY3 U] SIN0SD  “auljeasAid-wnipa a1e13poly ueozolig ol 03 winipay B *owIojop Ba4-snoade|Biy]auo3sojop snolod A
3
‘sMoLINg [ejuoziioy) *Ae1b wngpal 03 umoiq ysidind Al
(¢) sjeAIalu} PRfIIoW by *suopodosd BuilieA uj suieas 1
JUBLILOIAUD ‘g 4no3aQq ‘sa|npou AjjABaY 2WI0S Ul snoadey|ibie asnyip oIy} wd v
paloayoid puein) ay} Ul pue ‘qw Wayo Juepunqy  3daoxe pajeduniolg 'pappaq 1-2'0 UM axwiojop Jo pasodwo) (PN T
‘dusel MOJjEYS ~ -qng BUB( BY) Ul SIN200 *BuljjeIsAsd-auly KIS Apjeam Ansoy  'spodoiyoeig -WIN|paw 03 -Ujy ] "81euogies o) snodoej|ibie Apybys auoyspniy d
aouepunge
aAjejal
spunoiBpiey Aq sujesB Bujppag S
uojieposse /89inies) §]|5504 20RIL {exa]aNs /seamonng 10109/ sufesB|  (uonensiqqy)
uopieyoidaul $9]0B4 /92UdLINID0 opauabelq /ucjieqniolg /1ss04 Aiejuawipas 9}BUOGIEI-UON/DINIXIL §90BJ0Y3|'} |_

"(panunuo)) ¢ siqel




. SN
Wlnnebago%%

T

R \\s 3% \\3 3\\\:
Green Lake 12\ fo. .~ Fonddulac

S F\?\\*\“i
A Dodge”
% S T R
N

D

W .. @\\ ¢
effersong b
/p Dane xﬁ\%} K&\\:x}gi .

\
= N 0 ]
e &

SRR

Racine

Kenosha

£
& N
2 ¥ 23y

=

S
L
S :

Fig. 5. Localities of measured sections. Small circles represent outcrops

- and stars represent core locations. Arrows represent projection of each
section with 90 degrees to the correlation line A-A’. Along the line A-A', all
measured sections are correlated in Appendix C and the cross section for
the Platteville Formation with representive measured sections is in Fig. 6.




Il. LITHOSTRATIGRAPHY OF THE ANCELL AND SINNIPEE
GROUPS, E. Wi.

The Middie Ordovician (Llandeilian and Caradocian Age) Ancell and
Sinnipee groups in eastern Wisconsin consists mainly of sandstone,
sandy carbonate, argillaceous dolostone, dolostone, and dolostone
interbedded with green shale. The Ancell Group consists of the St. Peter
Sandstone including Glenwood Member. The Sinnipee Group is subdivided
into three formations. The lowermost formation is the Platteville
which consists of four members. Decorah Formation consists of one
member, and the Galena Formation consists of threé members (Table 3).
The recognition of the formations and members are based on relative
difference in siliciclastics content, texture, bloturbatlon and
hardground occurrences (Fig. 7). Detailed description for each of the

measured sections is provided in Appendix B.
1. ST. PETER FORMATION

The lower boundary of the Platteville Formation is observed in
outcrops in Fon du Lac County, and in cores extracted from southeastemn
Wisconsin counties. The St. Peter Formation overlies unconformably the
Prairie du Chien Group, and it is overlain by the Platteville Formation
(Fig. 8).

The sandy carbonates of the Prairie du Chien Group crop out at
Ripon in Fon du Lac County. They are thought to belong to the Shakopee
Eormation, probably the lower New Richmond Member, based on the high

‘percentage of sandstone beds intercalated with thin green shale
. | :
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FORMATION  [SUBDIVIDED UNIT LITHOFACIES [NON-SKELETALS
[Dubuque Member CW/Md PO4, T-silt
Wise Lake Member Md/PD/TBG [T-silt
ALENA [Dunleith Member (upper) |PD/Md/TBG T-silt, Int.
Dunleith Member (lower): [TBG/Sh T-silt, Int.,
lon sub-member : Q-sand
DECORAH __ [GuttenbergMember __ [TBG_____ [PO4, T-silt
Nachusa Member PD/Md
| IGrand Detour Member  Md/TBG Int., Pel.(?)
PLATTEVILLE F\/lifﬂin Member TBG/NC ]Int., Q-sand, POg,
T-silt
|Pecatonica Member Md/SWP Q-sand, Pel.(?)
[Glenwood Member SC/Sh/MS  |Q-sand, PO4
T. PETER LS Q-sand

/

Table 3. Subdivision of Ancell and Sinnipee groups in E. Wl. and major
non-skeletal components of each stratigraphic unit. See Table 2 for
lithofacies code. Int.: intraclasts; Pel: peloids; PO4: phosphate grains;
T-silt: Terrigenous silt. '
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(Smith, 1991). The Prairie du Chien Group is overlain unconformably by
" the St. Peter Formation or by the sandy carbonate of the Glenwood
Member without intervening sandstone (Fig. 8). Judging from the
occurrence of abundant mud cracks and case-hardened intraformational
conglomerates, the Prairie du Chien Group seems to have been deposited
in a peritidal environment.

The St. Peter sandstone consists of fine- to medium-grained
quartz-arenite, but the thickness is highly variable and thins out in
many localities (Fig. 8). The quartz grains are well sorted and very well
rounded. The St. Peter sandstone shows large-scale cross bedding and
fine lamination. 1-2 cm-thick Fe-mineralized layers commonly bound
the quartz-arenite. The Glenwood Member of the St. Peter Formation
consists of bioturbated quartz-arenite, green shale, and sandy
carbonate ih ascending order (Fig. 9, Table 2). The Glenwood Member
sandstone is distinguished from the sandstones of the St. Peter
Formation mostly by the poor sorting, céarser grain size, and strong
bioturbation. The Glenwood shale only occurs in southernmost study
area and is highly fissile. The sandy carbonate contains medium- to
coarse-grained quartz grains usually more than 50% in dolomite '
matrix/cements. The thickness of the Glenwood Member is variable, but

a general southward thickening trend is observed (Fig. 6).
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Thw! . \'., a8 v SRR 2 PR AT
Fig. 8. Field photograph showing incision of the St. Peter sandstone
Group. Hammer for scale at the unconformity surface (circle).

vinto the Prairie du Chien

PLATTEVILLE

Fig. 9. Same outcrop as above showing massive sandstone (MS) and sandy dolostone (SC) of
the Glenwood Member. Note the irregular boundary (dashed) between the laminated
sandstone (LS) of the St. Peter Formation and the massive sandstone (MS) above.
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2. PLATTEVILLE FORMATION

Previous Work

The Platteville Formation correlates to the Blackriveran Stage
(Fig. 2) and is widelly exposed over most of the midwest (Fig. 3) with
remarkably consistent lithology over much of the area. Templeton and
Willman (1963) and Willman and Kolata (1978) distinguished five
formations in lllinois based on variations in argillaceousness, fauna,
bed thickness, and lateral variation. The five formations are;
Pecatonica, Mifflin, Grand Detour, Nachusa, and Quimbys Mill in
ascending order (Fig. 10). The Pecatonica Formation consists of fine- to
medium-crystalline, relatively argillaceous-free, medium-bedded,
locally cherty dolomite that has a dense and finely vesicular texture
and a mottled appearance (Willman and Kolata, 1978). The Mifflin
Formation consists of thin-bedded shaly dolomite or limestone. The
Grand Detour Formation consists of fine- to medium-crystalline, thin-
to thick-bedded, light brown dolostone or gray limestone and clay. The
Grand Detour clay is intermediate between the Mifflin Formation below
and the massive and argillaceous-free Nachusa Formation above
(Willman and Kolata, 1978). The Nachusa Formation consists of thick-
bedded to massive carbonate or vuggy dolomite (Willman and Kolata,
1978). The Quimbys Mill Formation is largely medium to dark brown,
lithographic limestone showing conchoidal fractures and light tan
dolomite with smooth bedding surface in outcrop (Willman and Kolata,
1978;vOstrom, 1987a,b). Templeton and Willman's (1 963) formations

are considered as members and the Platteville Group as a formation in
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Fig. 10. General columnar section of the Platteville Group in northern
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Fig. 11. Characteristic fossils of the Platteville Group in northern lllinois. A: Ceraurus
sp., B: Encrinurus sp., C: Thaleops ovata Conrad, D: Anthaspidella sp., E: Clathrospira
sp., F: Ectomaria sp., G: Richardsondoceras sp., H: Phragmolites sp., I: Streptelasma
sp., J: Foerstephyllum sp., K: Lophospira sp., L: Tetranota sp., M: Maclurites sp., N:
Eoleperditia fabulites (Conrad), O: brachial valve exterior of Rostricellula
minnesotensis (Sardson), P: pedicle vaive exterior of Hesperorthis concava Cooper,
Q: pedicle valve interior of Strophomena plattinensis Fenton, R: Leptotrypa
haxagonalis Ulrich encrusting Hyolithes baconi Shitfield, S: brachial valve exterior of
Campylorthis deflecta (Conrad), T and U: brachial valve interior and pedicle valve
exterior of Opikina minnesotensis (N.H. Winchell). From Willman and Kolata (1978).
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Wisconsin (Ostrom, 1967a). The Mifflin, Grand Detour, and Nachusa

formations are grouped into one unit, the McGregor Member.

The Platteville Group in the northern lllinois contains diverse and
abundant fauna that includes sponges, solitary and colonial corals,
conularids, conodonts, graptolites, bryozoans, brachiopods, pelecypods,
gastropods, cephalopods, trilobites, ostracods, and echinoderms

- (Willman and Kolata, 1978; Fig. 11). Among them, the brachiopods and

bryozoans are most abundant. The relative abundance of some species is

useful in stratigraphic units.

Although lithologic descriptions and correlative work for the
Platteville strata are many in the upper Mississippi valley area (Agnew
et al., 1946, 1956; Templeton and Willman, 1963; Ostrom, 1969;
Willman and Kolata, 1978; Ostrom, 1987a,b), sedimentological studies
including depositional environment interpretation and facies analysis
are scarce except few (Byers, 1983; Mossler, 1985). The strata
equivalent to the Platteville Formation are widely studied in New York
(Walker, 1973), Ohio (Stith, 1979), and Indiana (Droste and Shaver,
1983; Wilcer, 1989), and they are interpreted as deposited in peritidal
(Walker, 1973; Stith, 1979; Droste and Shaver, 1983) and shallow
subtidal (Wiléer, 1989) settings.

Lithostratigraphic Description

Figure 12 shows the correlation of the lithostratigraphic units
described in eastern Wisconsin with those of Upper Mississippi Valley.
Notice the absence of the upper Pecatonica and Nachusa, and Quimbys

Mill members in eastern Wisconsin. The Platteville Formation in
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eastern Wisconsin is subdivided into four lithostratigraphic units

(Table 3; Fig. 12). The lowermost unit, Pecatonica Member, consists of
fine- to medium-crystalline dolostone, is gray to purplish brown in
color in fresh surfaces. Its thickness ranges 3-8 m and gradually
decreases to the north. The lower boundary of the Pecatonica Member is
usually sharp to gradational and is marked by ferruginous hardgrounds.
The upper boundary of the Pecatonica Member is very sharp with a
prominent hardground that can be traced throughout the study area. The
hardground is stained by pyrite (Fig. 13) and its surface is riddled with
1-2 mm-wide borings. The Pecatonica Member is characterized by
relatively argillaceous-free carbonate lithology compared to the
overlying units. According to the difference in argillaceousness and
crystal size, the Pecatonica Member is subdivided into two sub-
members. The lower sub-member has bioclastic wackestone to
packstone texture (Fig. 34), and contains small amount of floating
quartz and phosphate grains -at the base. It has several ferruginous
hardgrounds, which are more abundant at the base. The lower sub-
member corresponds to the Chana Member following the lllinois
nomenclature (Willman and Kolata, 1978). In order of abundance, the
bioclasts consists of skeletal fragments of crinoids, brachiopods, and
trilobites. Also observed are cephalopod molds (Fig. 14). The thickness
of the Chana sub-member ranges 1.2-2.0 m. A significant hiatus is
inferred below this sub-member by the prominent ferruginous
hardground surface on top of Glenwood Member below. The upper sub-
member is medium gray to purplish gray in color, and is slightly to

moderately argillaceous with 0.5-1.5 cm-thick argillaceous partings




Fig. 13. Hardground on top of the Pecatonica Member. A: Field photograph of the mottled
mudstone of the Dane sub-member overlain by the nodular carbonate of the Mifflin Member.
Pencil for scale is 14 cm long. Sun Prairie Qr. Locality 17. B: Rock slab taken from the top
of the Dane sub-member, the same outcrop as A, showing two closely spaced hardgrounds
stained by dark gray pyrite. Note the 2 mm-wide borings at the hardground surfaces
(arrows) [U.W.1896/1].
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Fig. 14. Field photograph of the Chana sub-member showing a cephalopod mold. Coin for
scale is 2.5 cm long. Sun Prairie Qr., Locality 17.

DANE

8 S

Fig. 15. Field photograph of the Dane sub-member showing upward thickening in bed
thickness. Note the wavy bedding plains truncating underlying beds in the lower part of the
Dane sub-member. Hammer for scale at the boundary with the underlying Chana sub-
member. Sun Prairie Qr., Locality 17.




(Fig. 15). ltis very fine-crystaliine and mudstone-textured. The upper
sub-member corresponds to the Dane Member following the lllinois

nomenclature (Willman and Kolata, 1978). It is weakly to moderately
bioturbated by 0.5 cm-wide dark gray mottled burrows. Fauna in this
sub-member includes brachiopods, crinoids, pelecypods, and gastropods.
The thickness of the Dane sub-member ranges from 1.2 m to 6.5 m,

gradually increasing to the south (Fig. 6). The lower portion of the Dane

sub-member shows wavy bedding plains truncating underlying beds (Fig.
15). The boundary between the Chana and Dane sub-members is sharp in
north (north of Waukesha County) whereas gradational in south (Racine
and Kenosha counties) (Fig. 6).

The middle unit, the Mifflin Member, is very fine- to fine-
crystalline dolostone or dolomitic limestone. It is very thin-bedded and
is the most argillaceous unit of the Platteville Formation (Fig. 16). It
consists of fossiliferous argillaceous mudstone to wackestone with
abundant thin-bedded intraclastic/bioclastic grainstone beds. It is
greenish to bluish gray in color. Its thickness gradually decrease to the
north, ranging from 9.2 min Kenosha County to 0.3 m at Ripon in Fond
du Lac County (Fig. 6). It is generally moderately to strongly
bioturbated by 0.5 cm-wide Chondrites burrows. Fauna in this unit
includes brachiopods, gastropods, crinoids, and rugose corals. In
general, the upper part of this unit shows gradual upward decrease in
clay content becoming carbonate at the top while the lower part shows
gradual increase in clay content particularly in the south (Racine and
Kenosha counties). Prominent ferruginous hardgrounds bound the Mifflin

Member above and below.




AE.

Fig. 16. Field photograph of the Mifflin Member showing greenish-gray color due to high
content of green clay. Hammer for scale. Sun Prairie Qr., Locality 17.

Fig. 17. Field photograph of the Grand Detour Member showing light purplish brown color.
Hammer for scale in the circle. Watertown Qr., Locality 2. :
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The Grand Detour Member is about ’7.5—8 m thick. It is thin- to

medium-bedded, very fine-crystalline dolostone (Fig. 17) locally

containing abundant white chert nodules. This unit is mostly mudstone-
textured with occasional very thin grainstone lenses less than 2 cm
thick. This unit is less fossiliferous than the other units. The fauna
includes brachiopods, gastropods, bryozoans, and crinoids. In the

" southeastern study area (Racine and Kenosha counties), this unit is

slightly coarser crystalline and more vesicular, and contains more thin
grainstone beds. Its color is mostly light purplish-brown on top and
gray in the basal and upper middle parts. The gray-colored interval is
characterized by strong bioturbation and slightly more argillaceous |
than the purplish brown colored interval that is relatively free of
argillaceous material.

The thickness of the uppermost unit, Nachusa Member, is variable

(3.3-4.4 m thick), but a gradual northward thinning trend is observed. It
- is characterlzed by relatlvely argillaceous-free lithology and vesicular
to vuggy porosities (Fig. 18). The porosities generally increase upward.
Its color is buff brown to light tan. Bryozoan molds and moldic porosity
are common in upper part of this unit and they are partly or completely
filled with flne crystalline dolomite crystals which are inferred to
have been originally lime mud. Other fauna in this unit is crinoids,
brachiopods, and trilobites. This unit contains a few very thin fine-
grained grainstone beds showing lamination, and is coarser crystalline
and more fossiliferous. White chert nodules are abundant in this unit. A
prominent ferruginous hardground is observed on top of the Nachusa

Member in all the outcrops and cores. The burrows associated with the
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Fig. 18. Field photograph of the Nachusa Member showing rough-weathered surface due to
high porosity. Hammer for scale. Fort Atkinson Qr., Locality 1.

Fig. 19. Hardground surface separating the Platteville Formation from the Galena
Formation. Thalassinoides burrows are filled with argillaceous material from the overlying
unit above. Note the dark gray pyrite staining on the hardground surface and the burrow
walls. Pencil for scale is 14 cm long. Duck Creek Qr., Green Bay, Brown County.
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Fig. 20. Unconformity surface on top of the Platteville Formation overlain by the Guttenberg
Member of the Decorah Formation (A) or the Dunleith Member of the Galena Formation (B).
A: Slightly undulating unconformity surface (dashed). Note the termination of bedding planes
below and above the unconformity. Fort Atkinson Qr., Locality 1. B: Watertown Qr., Locality
2. Note the termination of the bedding planes of the Platteville Formation below the
unconformity surface (dashed). Hammer for scale in the circle.
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hardgrounds are sometimes filled with green shale from the overlying

unit (Fig. 19). In few locations, the upper boundary is a subtle low angle
truncation surface disconformably overlain by the Decorah or Galena

Formation (Fig. 20).

3. DECORAH AND GALENA FORMATIONS

Previous Work

. The Decorah and Galena formations correlates to the Rocklandian
to the middle of Edenian stages (Fig. 2). The Decorah and the Galena
formations are sometimes referred as the Trentonian Stage which
corresponds to the Rocklandian to Shermanian Stages. The Decorah and
Galena formations are grouped into the Galena Group in the upper
Mississippi Valley area. Templeton and Willman (1963) described in
lllinois five formations in the Galena group: Spechts Ferry and
Guttenberg formations included in the Decorah subgroup, and Dunleith,
Wise Lake, Dubuque formations included in the Kimmswick subgroup
(Fig. 21). The Spechts Ferry Formation is dominantly a shale lithology
containing thin beds of lithographic limestone and bentonites (Willman
and Kolata, 1978). The Guttenberg Formation is a very fine-grained to
lithograpﬁic, light pinkish tan limestone or brown vesicular dolostone.

It is characterized by thin reddish brown shale partings (Willman and
Kolata, 1978). The Dunleith Formation is mostly slightly argillaceous,
cherty dolostone (Willman and Kolata, 1978). The lower two members
of the Dunleith Formation, Buckhorn and St. James, are very

argillaceous and the argillaceousness increase toward source areas on
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Fig. 22. Characteristic fossils of the Galena Group in northern lilinois. A:
Palaeosynapta flaccida Weiss, B: pedicle valve exterior of Rafinesquina trentonensis
(Conrad), C: interior mold of pedicle valve of Rafinesquina sp., D: Pseudolingula
jowensis (Owen), E: Hormotoma major (Hall), F and G: cephalon and pygidium of
lllaenus sp., H and I: pedicle valve exterior and brachial valve interior of Sowerbyella
punctostriata (Mather., J and K: pedicle and brachial exterior of Dalmanella sp., L:
Liospira sp., M and N: top and side views of Receptaculites oweni Hall, O:
trepostome bryozoan, P: pedicle valve exterior of Pionodema subaequata (Conrad),
Q: Streptelasma sp., R: basal view of Prospora sp., S: Vanuxemia sp., T Ischadites
iowensis (Owen). From Willman and Kolata (1978).
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the Transcontinental Arch, thus they are named lon Member of the

Decorah Formation in lowa (Witzke, 1980). The Wise Lake Member
Formation overlies the Dunleith Formation, and is argillaceous-free,
vesicular to vuggy carbonate. It is distinguished form the underlying
Dunleith Formation by the generally non-cherty, argillaceous-free
lithology (Willman and Ko|até, 1978). The uppermost unit, the Dubuque
Formation is characterized by light brown shaly partings and the
argillaceousness increases upward (Willman and Kolata, 1978). In
Wisconsin, these formations are classified as members. Four members
are identified in this study: the Guttenberg Member (Decorah
Formation), and the Dunleith, Wise Lake, and Dubuque members (Galena
Formation) (Table 3).

Figure 22 shows the typical biota in the Galena Group in northern
llinois. The relative abundance of some species is useful in
stratigraphic units (Willman and Kolata, 1978). Among them, the
Receptaculites shows widespfead "blooms' in specific stratigraphic
intervals, which is probably related to environmental changes.

Sedimentological studies for the Galena and equivalent strata in
the upper MISSISSIppI area have been done by Delgado (1983a) and
Bakush (1985). Open marine shallow ramp setting is suggested in their

study for the depositional environment of the Galena Formation.

Lithostratigraphic Description
Figure 23 shows the correlation of the lithostratigraphic units

described in eastern Wisconsin with those in Upper Mississippi Valley.
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Decorah Formation

The Decorah Formation in eastern Wisconsin unconformably
overlies the Platteville Formation (Fig. 20A), and correlates to the
Guttenberg lithostratigraphic unit of Willman and Kolata (1988). Its
thickness reaches up to 1.1 m, decreasing to the north to completely
pinch out northvof Jeffe.rson County (Fig. 5; Appendix C). Itis thin- to
medium-bedded with reddish brown to green sHaIy partings. It is highly
fossiliferous, and is composed mostly of many amalgamated thin-
bedded skeletal grainstone beds. The fauna in this unit is brachiopods,
bryozoans, crinoids, trilobites, and probable ostracods. It is slightly to
moderately argillaceous and the argillaceousness gradually decrease to
the south. Silt-sized phosphate grains are concentrated abundantly in
the shaly partings, which results in the characteristic reddish brown
color (Figs. 24, 25). A very prominent hardground separates this

formation from the overlying Galena Formation (Fig. 24).

Galena Formation

The Galena Formation in eastern Wisconsin conformably overlies
the Decorah Formation or unconformably overlies the Platteville
Formation with a very sharp boundary. Three members are distinguished
(Table 3; Fig. 23). The lowermost unit, Dunleith Member is subdivided
into two sub-members; the lower and upper Dunleith sub-members. The
lower Dunleith sub-member correlates to the lon Member of the
Decorah Formation in lowa (Agnew et al., 1956), and is named lon sub-
member in this study. The lon sub-member is characterized by high

content of fine grained siliciclastics and appears shaly when




Fig. 24. Rock slab photograph showing two amalgamated grainstone beds. Note the reddish-
brown color and the prominent Fe-rich hardground surface on top of the unit Guttenberg
Member. Sample taken from the top of the Decorah Formation at Fort Atkinson Qr., Locality
1 [U.W.1896/2].

Fig. 25. Photomicrograph of a grainstone sample taken from the Guttenberg Member at Fort
Atkinson Qr., Locality 1. Note the silt size phosphate grains. PPL (plane-polarized light).
Scale bar is 0.5 mm long [U.W.1896/16].

= =
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weathered (Fig. 26). It is highly fossiliferous and contains open marine

fauna such as brachiopods, bryozoans, crinoids, trilobites, and
gastropods in order of abundance. The siliciclastics consist mainly of
detrital clay and minor subrounded to subangular silt-sized grains of
quartz and minor feldspar. The clay content generally decreases upward
and southward where this unit becomes carbonate in southernmost
Wisconsin (Appendix C). This unit is thin- to medium-bedded, medium-
crystalline dolostone intercalated with cm-thick green shale partings.
The dolostone beds are mostly bioclastic packstone to grainstones.
Mosf of the packstone beds are moderately to very argillaceous and
highly bioturbated by burrows filled with green shale. Some of the
grainstone beds show parallel lamination or high-angle cross bedding.
The shaly nature of the packstone beds is thought to be due to the
pervasive bioturbation, and mosf of them might have been grainstone
beds originally. Hardgrounds are abundant in this unit particularly in
less argillaceous carbonate. Based on the clay content, the lon sub-
member is subdivided into a lower argillaceous sub-unit that
correlates to the Buckhorn Member, and an upper less argillaceous sub-
unit that correlates to the St. James Member (Fig. 26; Templeton and
Willman, 1963). Both sub-units become less argillaceous to the south.
The upper Dunleith is medium-crystalline dolostone locally with
chert nodules. It is medium- to thick-bedded with mm-thick, thin shale
partings. The clay content is much lower than the unit below and it
gradually decreases upward. Terrigenous silt is less than 1% in generai.
Although the upper Dunleith is relatively argillaceous-free to the

south, it becomes moderately to very argillaceous to the north in
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Fig. 26. Field photograph of the lon sub-member showing gray color due to high clay
content. The thickness of the lon sub-member is 6.5 m. Note the lighter color of the upper
sub-unit due to less clay content. Watertown Qr., Locality 2.

Fig. 27. Field photograph of the upper Dunleith sub-member showing relatively
argillaceous-free lithology. Note the rough-weathered surface due to vesicular and vuggy
porosity. Hammer for scale. Fort Atkinson Qr., Locality 1. The letter 'R’ on the outcrop
represents receptaculites occurrence.




Winnebago to Brown counties (Freiberg, personal communication). In

general, the vertical change in lithology is very subtle in south where
the Galena Formation lacks in argillaceous material and dolomitization
is more intense, whereas it is rather well recognized in north. The
textures are difficult to identify, but general wackestone to packstone
textures are observed in rock slabs. It is moderately bioturbated mainly
with 1-2 cm-wide Thalassinoides burrows. Vesicular porosity is
common throughout, with minor moldic to vuggy porosity. In general,
burrow-fills are coarser crystalline and this leads to higher vesicular
porosity, which with the vuggy porosity results in rough weathered
surface on outcrop (Fig. 27). Common biota in this unit is brachiopods,
bryozoans, gastropods, trilobites, and receptaculites. The upper
Dunleith contains numerous hardground horizons, one in every 5-20 cm
interval. Its lower boundary is gradual, but commonly defined by a 1
cm-thick prominent shale parting. The upper boundary is extremely
gradual, and is defined based on hardground occurrence,
argillaceousness, and occurrence of large gastropod fossils
(Hormotoma major, Fig. 22E).

The Wise Lake Member is a fine- to medium- crystalline
dolostone with mudstone to wackestone textures, and is less porous
than the upper Dunleith below, but the distinction is subtlé. itis
moderately bioturbated by 1-2 cm-wide Thalassinoides burrows. The
fauna consists of small brachiopods less than 1 cm, large gastropods
(Hormotoma major), and bryozoans. Terrigenous silt is less than 1% in
this unit. Due to lack of continuous outcrop exposure, the correlation of

measured sections was not made. Frequency of hardground occurrences




48
is often the only reliable tool for correlation. The thickness of Wise

Lake Member is relatively continuous ranging 12-14 m.

The uppermost unit, the Dubuque Member is only observed in cores
in the south (Waukesha, Racine, and Kenosha counties). It is
characterized by abundant disseminated crinoid fragments and frequent
dark brown argillaceous partings. Its thickness ranges from 2.3 m to 10
m (Appendix C). The brown partings are composed of clay seams rich in
phosphate grains. The clay content gradually increases upward.
Terrigenous silt is rare in this unit. This unit is scarcely bioturbated
by rare 2-3 mm-wide horizontal burrows. This unit is overlain by the

Maquoketa shale with a very sharp, probably erosional boundary.

4. CONODONT STUDY

Introductio
The Platteville Formation in eastern Wisconsin consists of

dolostone and argillaceous dolostone. After the initial lithologic
description by Chamberlain (1877), several worker have studied the
lithostratigraphy and biostratigraphy of the Platteville Formation in
eastern Wiéconsin (Atkinson, 1971; Moretti, 1971; LoDuca, 1986).
Atkinson (1971) and Moretti (1 971) identified all three members of the
Platteville Formation putting the McGregor-Quimbys Mill boundary at
the contact between the slightly argillaceous dolostone unit below and
the 4-6 m-thick argillaceous-free vuggy dolostone unit above. However,
their correlation of vthe' uppermost unit of the Platteville Formation in

eastern Wisconsin to the Quimbys Member in southwestern Wisconsin is
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problematic because their description of the uppermost Platteville unit

is more like the lithology of the Nachusa Formation than the Quimbys
Mill Formation in lllinois (Willman and Kolata, 1978). LoDuca (1986)
described three members of the Platteville Formation in northeastern
Wisconsin and included the uppermost vuggy, massive dolostone unit
into Quimbys Mill Member. However, he did not described the lower
boundary of the Quimbys Mill Member nor mentioned clearly the
lithological difference of the Quimbys Mill Member from the McGregor
Member below. Careful investigation of his description reveals that the
uppermost Platteville unit he described corresponds to the Nachusa
Member and it thins northward. Conodoht work has been done to find out
probable miscorrelation.

In eastern Wisconsin, almost no sedimentological studies has
been done for the Galena Formation except few studies including
lithologic descriptions and brief environmental interpretation
(Chamberlain, 1877; Ostrom, 1967b; Moretti, 1971; LoDuca, 1988).
Moretti (1971) described a core extracted from Sheboygan County and
identified the Spechts Ferry and Guttenberg members of the Decorah
Formation, and above them Buckhorn and St. James members of the
Galena Form/ation (Fig. 60). However, his identification of the Decorah
Formation is problematic because according to his lithologic
description, the interval he correlated to Decorah Formation seems to
correspond to the lon sub-member in this study which correlates to the
Buckhormn and St. James members in Ilinois (Fig. 60). LoDuca (1988)
indicated that the Decorah Formation is absent in northeastern

Wisconsin, and suggested that the lower shaly portion of the Dunleith
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Member (lon sub-member) correlates to the Decorah Formation, that is,

he interpreted the lack of the Decorah Formation in eastern Wisconsin
as a facies change. Conodont work has been done to solve these

problems.

Platteville Formation
To correlate the uppermost unit of the Platteville Formation in

eastern Wisconsin, Nachusa Member, with the Platteville members in
southwestern Wisconsin one sample was taken from the uppermost bed
of the Platteville Formation in Watertown Quarry, Locality 2 (Fig. 5).
The identified species and the number of the specimens is shown in
Table 4. These data are compared with Chen's unpublished description
of the Platteville conodonts in southwestern Wisconsin, in which the
vertical change in the abundance of each conodont species are shown in
the samples taken from 21 horizons of the Platteville Formation (Table
5). The data suggests that the conodont species in Nachusa Member a‘re
more similar to upper McGregor Member than Quimbys Mill Member
particularly in the occurrence of the species Polyplacognathus
ramosus, Plectodina aculeata, and Curtognathus sp., but the result is
not conclusiVe because the specimens studied were collected from only
one locality and the change in the conodont species is due to facies
change rather than temporal change.

Atkinson (1971) studied con.odont Species in Wisconsin and
compared Weber's (1966) Minnesota study in which he noted that the
species Oistodus venustus does not extend above the top of the

McGregor in Minnesota. Atkinson (1971) reported that this species




A.

Watertown Qr. (uppermost bed of the Platteville Formation) [U.W.1 896/25]
SPECIES (Assemblage Name) NUMBER OF SPECIMENS
Drepanoistodus suberectus: 13(N:12,G: 1)
Panderodus gracilis: 7
Phragmodus undatus 5(5:4,P: 1)

Belodina compressa 1(O:1)
Polyplacognathus ramosa 1
Plectodina aculeata 1(P:1)
Curtognathus sp. 1
Cordylodus sp. 1
B.

Fort Atkinson Qr. (0.3 m above from the base of Galena Formation) [UW.1896/26]

SPECIES (Assemblage Name)

NUMBER OF SPECIMENS

Phragmodus undatus
Belodina compressa
Drepanoistodus suberectus
Polyplacognathus ramosa
Oistodus venustus
Belodina dimunitiva
Curtognathus sp.
Panderodus gracilis
Plectodina aculeata

16 (S: 16)
8(A:1,D:7)
20 (N: 18, G: 2)
14

1

— et b el

C.

Watertown Qr. (1 m above from the base of Galena Formation) [U.W.1 896/27]

SPECIES (Assemblage Name) NUMBER OF SPECIMENS
Phragmodus undatus 16 (S:10,P: 5, M: 1)
Belodina compressa 5(A:1,D: 4)
Drepanoistodus suberectus S5(N:4,G: 1)
Polyplacognathus ramosa 2

Oulodus serratus 2

Curtognathus sp. 1

Table 4. ldentified conodont species in eastern Wisconsin. A, C: Locality
2. B: Locality 2. The numbers in the parenthesis represent the number of
the specimens of the element. N: Non-geniculate element; G: Geniculate
element; S: S-element; P: P-element, M: M-element; D: Denticulate

element; A: Adenticulate element.
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ranges to the top of the Platteville Formation in Wisconsin and

suggested that the Platteville Formation becomes younger in a
westward direction. Within the state of Wisconsin, the species

Belodina dispensa was not found in the northeast but is abundant in the
southwest, which also support the younger-westward direction of the
Platteville Formation in Wisconsin (Atkinson, 1971). No inforfnation is
available of the range of the species Belodina dispensa in Minnesota
because Weber (1966) incorporated B. dispensa with B. compressa .
Although Atkinson (197 1) interpreted the conodont species variation in
Wisconsin as temporal ("most of the Platteville section had been
deposited in the northeast before Belodina dispensa made its
appearance"), it is interpreted in this study as erosional or depositional
facies changes.

In conclusion, conodont work of the uppermost Platteville unit
supports a correlation of Nachusa Member to the upper McGregor
Member in southwestern Wisconsin and probably the Nachusa Formation
in lllinois. The lack of Quimbys Mill Member in eastern Wisconsin
probably résulted from erosion before the deposition of overlying unit
or non-deposition or both. The unconformity surface found on top of the
Platteville Formation in Fort Atkinson and Watertown quarries (Fig. 20)
also indicate probable erosion of the Quimbys Mill Member in eastern

Wisconsin.

Galena Formation
In eastern Wisconsin, the Decorah Formation only occurs south of

Dodge County (Fig. S, Appéndix C). It is identified as the upper
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Guttenberg Member based on the dark brown shaly partings and the

dominant skeletal grainstone lithology. It is conformably overlain by
the unit lon sub-member, which is composed of skeletal grainstone
interbedded with gree»n shales. | have attempted to correlate the lon
sub-member to the strata in the southwestern Wisconsin by conodont
species. Two samples were taken from the lower shaly beds of lon sub-
member in Fort Atkinson Quarry, Locality 1 and in Watertown Quarry,
Locality 2, and the results are shown in Table 4.

The form species Phragmodus undatus (S-element in the
Phragmodus undatus assemblage) is particularly abundant in the
Decorah Formation (inc'luding the lon Member; Atkinson, 1971; Clark and
Babcock, 1971a). Clark and Babcock (1971a) described conodont species
form six localities in southwestern Wisconsin, and listed the number of
each species in three members of the Decorah Formation: the Spechts
Ferry, Guttenberg, and lon members. In their description the assemblage
species, Polyplacognathus ramosa, shows great relative abundance in
the Ibn Member whereas it is almost absent in the Guttenberg Member
(Table 6). Therefore, the abundance of Polyplacognathus ramosa, in the
lon sub-member is considered as a strong evidence that it corresponds
to the lon Member which is basal Galena Formation in Wisconsin.

Besides the conodont evidence, the dominant grainstone lithology of the
lon sub-member distinguishes it from the Spechts Ferry Member of the
Decorah Formation which consists of gréen shale with thin interbeds of
lithographic limestone. It is also distinguished by the green color from
the pinkish-brown Guttenberg Member which contains abundant

phosphate grains.
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FORM SPECIES | SF Gut lon

Polyplacognathus ramosa 3 67

Polyplacognathus bilobata 2 43

Prioniodina polita? 7 1 3

Prioniodina sp. 5

Tetraprioniodus breviconus ? 2

Trichonodella sp. 1 | -
Zygognathus sp. 1

Table 6. The number of specimens of each form species of the
Polyplacognathus ramosa (assemblage name) showing the relative
abundance in the three members of the Decorah Formation in
southwestern Wisconsin. Compare with Table 6, B and C. SF: Spechts
Ferry, Gut: Guttenberg. From Clark and Babcock (1971a).




In conclusion, only upper part of the Decorah Formation occurs in
eastern Wisconsin and it thins out to the north in Jefferson County.
Therefore, significant time of nondeposition existed between the
Platteville and Galena formations in eastern Wisconsin, probably due to
exposure of the Wisconsin Arch during Decorah time. Renewed marine
transgression over the Wisconsin Arch resulted in gradual onlapping of

the Decorah sediments to the north.
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ll. COMPONENTS

1. ORGANIC COMPONENTS

The most abundant organic components are: brachiopods,
bryozoans, and crinoids. Most identifiable brachiopods occur as external
or internal molds. Brachiopod moldic porosities are locally abundant.
Large bryozoan fragments were recognized by the shape of the zooecia

and wall structure. Crinoid columnals occur as body fossils and

external molds. |

Gastropods, trilobites, and pelecypods are aiso common fauna and
locally abundant. Cephalopod molds are occasionally observed.
Ostracods have been reported in the Sinnipee Group (Willman and
Kolata, 1978: Delgado, 1983a; Bakush, 1985), but it is very difficult to

identify them with certainty in dolomite due to lack of sweeping

extinction in thin section under microscope. Receptaculites (a
Dasycladacian Green Algae) are abundant at particular intervals of the
Galena Formation. Occasional bloom of their occurrence might be
related to warmer period (Nitecki, 1972).

Rugose corals occur as internal or external molds. Many species
of conodonts are also identified in the upper Platteville and lower
Galena formations.

Frag.ments of those organic components are abundant throughout
the Sinnipee Group. Two types of bioclasts are recognized: Type A

bioclasts are sand-sized, highly fragmented, and generally pyrite-

stained; Type B bioclasts are pebble-sized, non-stained by pyrite, and
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generally retain original shape and articulation. The bioclasts seems to

have two sources. The type A bioclasts are interpreted to have derived
from skeletal shoals, which might have existed landward from the
depositional site. This interpretation is based on the good sorting and
taphonomic characteristics of the bioclasts; highly fragmented,
disarticulated bioclasts indicate longer time exposure in the high
energy environments (Brett and Baird, 1986). The taphonomic criteria
also suggest that Type B bioclasts are indicative of episodic, rapid
deposition under high energy (Brett and Baird, 1986). The type B
bioclasts might have derived autochthonously, by concentration of
shells of living and dead organisms from the sea floor, as well as
exhuming previously buried shells. This mechanism is suggested by
many workers as the origin of the storm-generated bioclastic deposits
(Specht and Brenner, 1979; Kreisa, 1981; Miller et al., 1988). The pyrite
staining seems to be related with long time exposure of bioclasts on
sea floor. The pyrite mineralizations on the hardground surfaces

probably have similar origin.
2. INORGANIC COMPONENTS

Quartz Sand Grains

Quartz grains are particularly abundant in the Glenwood Member
and the lower Platteville Formation, as well as the eolian sandstone
beds of the St. Peter Formation. The quartz sand grains occurring in the
Sinnipee Group are medium- to coarse-grained and disseminated as

'floating' grains. Although it is not clear how the sands were




introduced, present 'floating’ texture is probably due to bioturbation.
Table 4 shows the variation of the quartz grains with textures and

abundances.

Terrigenous Sil

Terrigenous silt is common in most of the Galena Formation and
in some intervals of the Platteville Formation (Table 7). They are
particularly abundant in the lowermost Galena Formation (lon Sub-
member). They are well sorted, subangular to subrounded silt-sized
grains of quartz and feldspar. The relative proportion of feldspar grains
is 10-20%. The feldspar includes microcline and plagioclase but
identification of silt-sized orthoclase grains is impossible under
petrogfaphic microscope. The feldspar grains are mostly euhedral, show
the characteristic rhombohedron shape. Some quartz grainé are also
euhedral and show bipyramidal shape. In general, the silt grains are
richer in argillaceous units (Mifflin Member, lon Sub-member) and are
concentrated in clay seams and hardgrounds in microscopic scale.

“The higher concentration of the terrigenous silt in the clay seams
can be explained as either depositional or diagenetic. If the terrigenous
silt supply is constant and the clay seams represent time intervals of
low sedimentation rate, the silt could be concentrated. An alternative
setting interprets silt to be concentrated diagenetically along the clay
seams as insoluble residue during burial (Wanless, 1979). However, the
higher concentration of the silt along the hardgrounds, which also
represent low sedimentation rate, seems to suggest a depositional

setting and represent decreased carbonate or an increased clay
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sedimentation rate.

The terrigenous silts were probably transported by winds
considering extreme good sorting and great lateral continuity of silty
beds (Delgado, 1983a). Delgado (1983a) reported the composition of the
terrigenous silts (99% quartz, 1% microcline) and suggested that they
were derived from a supermaturely weathered source terrane, an
emergent source area 250-500 miles north to west of upper
Mississippi Valley. He also states that one problem with an "eolian™
interpretation is that of paleowind direction. If the Wisconsin arch lay
in 10-20°S (Witzke, 1980), with the paleoequator running roughly NE-
SW, the prevailing trade winds should not have biown from the present
north, northwest, or west.

Delgado's paradox is probably derived from the misidentification
of the silt-size minerals. In my approximation, the proportion of
feldspar minerals reaches up' to 20% although point-counting was not
done. Under petroscopic microscope, silt-sized plagioclase grains are
easily mistaken as quartz because they are too small to show the'
characteristic plagioclase twins. Moreover, it is almost impossible to
distinguish K-feldspar except microcline from quartz. Careful
comparisori of the two minerals with other features such as roundness,
cleavage, sweeping extinction, or crystal habit will only help to tell
them apart. Staining method will be useful. Therefore, according to the
composition and textures of the silt grains, the source area could be
either Taconic Island or supermature terrains such as Canadian Shield.
The occasionally intercalating bentonite beds in the Galena Formation

suggest that the prevailing wind direction during Galena time was




paleosoutheast. The Taconic Island was a volcanic magmatic arc
locating to the paleosoutheast and provided large amount of volcanic

ash. Ross (1976, Fig. 9) also suggested the same paleowind direction.

Clay
Two types of clay are recognized in this study: green and dark

brown clay. The first type occurs from the Glenwood Member to the
Dunleith Member. The second type characterizes the uppermost Galena
Formation (Dubugue Member).

The lateral variation of the amount of clay and the thickness of
the shale seems to be related to the proximity to the source area of the
siliciclastics. This generalization is based on the assumption that all
the laterally equivalent beds were deposited under same hydraulic
energy (e.g., below FWB). So, it can not be applicable to the
stratigraphic intervals that show significant lateral facies change
caused by changes in energy regime. The green clay content in the lower
Galena Formation (Dunleith Member) gradually but noticeably increases
northward, which may indicate that the major source of the green clay
of the Galena Formation is probably the Canadian Shield to the north.
The source érea of the green clay in other intervals where lateral
change is not observed is not clear. The dark brown clay occurs in the
Dubuque Member with a gradual increase upward and was probably
derived from the Taconic Island, which supplied much siliciclastics
with decreasing grain size westward in Late Ordovician as sea level
increased (Dott and Prothero, 1994). Witzke and Kolata (1989) also

noted the widespread brown shale in the uppermost Galena Group

63




64
(Dubuque Formation) in the upper Mississippi Valley is dissimilar to
any known shale in the Galena Group but is largely indistinguishable
from many shales in Maquoketa Formation. They suggested that green
shales in the Platteville and Galena groups were derived from the
Transcontinental Arch whereas the Maquoketa shales were derived from

distant eastern sources associated with uplift of the Taconic orogen.

Phosph rain
There are two types of phosphate grains. The first type is abraded

inarticulate brachiopod fragments with variable size ranging from 0.05

mm to 0.5 mm. This type occurs as a minor constituent throughout the

Sinnipee Group with subtle change in amount. The other type is probably
inorganic phosphate, characterized by spherical grains ranging from

0.02 mm to 0.05 mm. This type is particularly abundant in four

intervals: Glenwood Member, lower Mifflin Member, Guttenberg Member,
and Dubuque Member. The high concentration of phosphate graihs seems

to be related with low sedimentation rate.

Intraclasts

Intradasts are defined as reworked fragments of a
penecontemporaneous sediment (usually weakly consolidated) that has
been eroded within the basin of deposition (Bates and Jackson, 1980).
Two types of intraclasts are recognized. Type A intraclasts are

variable in composition ranging from mudstone to grainstone. They are

mostly platy and discoidal in shape and are always stained by pyrite to

dark gray to black color. Type A intraclasts occur throughout the




Sinnipee Group in the thin-bedded grainstone lithofacies. Type B
intraclasts are composed only of carbonate mudstone and restricted in
occurrence to the Mifflin Member. They are irregular but spherical to
sub-spherical in shape, and commonly are not stained or stained only at
the edge by pyrite. The Type A intraclasts were probably derived from
hardgrounds, which is evidenced by the borings and the pynte staining
in the intraclast as in the hardgrounds. Type B intraclasts might be
derived from the early formed nodules considering the close

relationship of the intraclasts and the associated lithology below.

Peloi

0.2-1.0 mm-sized spherical grains (?) are observed in the lower
Platteville Formation but their identity as grains is usually not clear
enough to be distinct from dark zoning in dolomite crystals. Moreover
they could be pseudo-peloids (small-sized intraclasts). Therefore the

occurrence of true pellet is not certain.




66

IV. LITHOFACIES DESCRIPTION & INTERPRETATION

Ten lithofacies are defined on the basis of field descriptive
features such as major skeletal components, sedimentary structures,
and textures. Additional informations derives from rock slabs and thin
sections.

The ten lithofacies are:

1 Laminated sandstone lithofacies (LS)

2 Massive sandstone lithofacies (MS)

3 Shale lithofacies (Sh)

4 Sandy carbonate lithofacies (SC)

5 Skeletal wackestone to packstone lithofacies (SWP)

6 Mudstone lithofacies (Md)

7 Nodular carbonate lithofacies (NC)

8 Thin-bedded grainstone lithofacies (TBG)

9 Porous dolostone lithofacies (PD)
10 Crinoidal wackestone lithofacies (CW).
Dunham's (1962) limestone texture is the primary criteria in

defining these lithofacies. However, some lithofacies are named on the

basis of their lithologic composition. For example, the nodular
carbonate lithofacies represent mudstone- to wackestone-textured
argillaceous limestone/dolostone with cm-scale irregular argillaceous
partings. Diagenetic lithofacies name is used when the original
depositional textures are difficult to discern due to pervasive

dolomitization {e.g., porous dolostone)

Table 2 summarizes the major characteristics and interpreted




depositional environments of the lithofacies from the St. peter

Formation to the top of Galena Formation in eastern Wisconsin.

1. LAMINATED SANDSTONE (LS)

Description

This lithofacies occurs in the St. Peter Sandstone and outcrops in
Dane County the Markesan and Ripon quarries (Locality 12, 14) in Fond
du Lac County. It consists of fine- to medium-grained quartz-arenite
and is charécterized by fine, paraliel lamination and several m-thick
cross-beds. The angle of the cross bedding is mostly less than 20° but
some réach up to 46° (Figs. 9, 28). Its color is light yellow to greenish
yellow or light brown. No bioturbation is observed in this lithofacies.

The quartz grains are moderately to well sorted and very well rounded.

Interpretation
Based on the fine, laterally continuous parallel-lamination and

large-scale cross bedding, this lithofacies is interpreted to have
~ deposited in eolian environments. Winfree (1983) and Long (1988)
reported adhesion ripples which is typical of eolian deposits in similar

lithofacies in southwestern Wisconsin.
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Fig. 28. Field photograph of the laminated sandstone lithofacies (LS) showing high angle
cross-lamination and the overlying massive lithofacies (MS) of the Glenwood Member. The
Glenwood Member is overlain by the skeletal wackestone to packstone lithofacies of the
Chana sub-member. Note the jagged boundary (dashed line) between the two units. Markesan
Qr., Locality 12. '

Fig. 29. Rock slab photograph of moderately sorted massive sandstone containing silicified
oolitic grainstone pebbles reworked from the Prairie du Chien Group. The sample is taken
from the base of the Glenwood Member at Sun Prairie Qr., Locality 17 [U.W.1896/3].

@
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2. MASSIVE SANDSTONE (MS)

Description
This lithofacies sharply overlies the laminated sandstone

lithofacies with jagged boundary (Fig. 28). It is sharply overlain by
sandy carbonate lithofacies with or without intervening dark green
shale. The lithology ranges from a moderately to well-sorted quartz-
arenite to a poorly sorted quartz-arenite. The well-sorted sandstone -
consists of medium- to coarse-grained, well-rounded quartz grains and
in places contains at the base 1-6 cm-sized pebbles of silicified

oolitic grainstone (Fig. 29). Chondrites burrows are rarely observed in
rock slabs of this lithology but most outcrop surfaces appear massive
without traces of burrowing due to poor exposure. It is observed in
outcrops of northern study area from Dane County to Fond du Lac
County.

The poorly sorted sandstone consists of mixture of fine- to
coarse-grained quartz grains with minor green clay and commonly
contains 1-5 mm-sized phosphate grains. Fine sand-sized microcline
and hornblende grains are also present as accessory minerals.
Chondrites burrows are common in this lithology. It only occurs in

southeastern area from Racine County to Kenosha County.

Interpretation
The bioturbated nature of this lithofacies clearly indicates

deposition in a marine environment. The sharp lower contact probably

represents a ravinement surface that is indicated by the conglomeratic




lag with well-cemented clasts (Long, 1988). The well-sorted sandstone
might be deposited just below shoreface while the poorly sorted

sandstone was probably deposited at deeper water depth.
3. SHALE (Sh)

Description

The shale lithofacies in the Glenwood Member occurs as several
10's of cm thick beds in cores in Kenosha County, and as less than 1
cm-thick dark brown shale laminae containing abundant phosphate
grains north of Kenosha County. The shale is dark green in color and
very fissile (Fig. 30). It is correlated over much of the study area
although the shale lithofacies contains some intercalating medium-
grained quartz sand lenses up to 1 cm thick. Burrows are common to
abundant in these lenses and extend into adjacent shale. The proportion
of the sandstones gradually increases upward until the clay occurs as
mm-thick, dark brown laminae (continuous and discontinuous) in the
dolomitic sandstone of the sandy carbonate lithofacies.

The shale lithofacies is also present in the basal Galena
Formation. It mostly occurs as mm- to cm-thick green shale partings
between the associated thin-bedded grainstone lithofacies in the
southern study area. It is characterized by abundant skeletal fragments
and fossils that are best observed on bedding plains. It is moderately to
strongly bioturbated by mm-wide semi-horizontal burrows which
extends into underlying grainstone beds (Fig. 31). The beds and bed

thickness of this lithofacies within the same stratigraphic interval
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Fig. 30. Cores from Locality KE (see Fig. 5), Kenosha County, showing the shale lithofacies
gradationally overlain by the pervasively bioturbated dolomitic sandstone. The intercalating
sandstone lenses within the shale lithofacies are also bioturbated. The cores are 5 cm wide.
WGNHS Sample Repository BD321, 807'-797".

Fig. 31. Rock slab photograph of bioturbation mixing shale lithofacies (yellowish-green)
and grainstone lithofacies (gray). Often the bioturbation is so intense that both lithofacies
are completely mixed (see Fig. 49). When bioturbation is weaker, grainstone beds show few

shale-filled burrows (see Fig. 48). lon sub-member at Fort Atkinson Qr., Locality 1
[UW.1896/4]. '




gradually increase to the north in the study area. The northward

increase of argillaceousness is also reflected on the gradual decrease

in the clay content to the south in the associated lithofacies.

Interpretation
Terrigenous clay, which comprises shale, is deposited below fair-

weather wave base wherever there is available clastic input. However,
if there is healthy production and accumulation of lime mud in mid-
ramp the clay is diluted in this region and only it accumulates to shale
where the lime mud input is very low which is approximately below
storm wave base during Paleozoic. The thickness of shale beds seems
to be related with the proximity to the source area as well as depth of
deposition, that is, it accumulates thicker in the area closer to the
source area if other factors such as carbonate productivity and energy
condition are assumed to be the same. Therefore, the shale lithofacies
in the Glenwood Member is interpreted to have been deposited below
FWB, and probably below SWB because it is relatively thick, and lacks
intercalating storm deposits except the upper part.

The shale lithofacies in the basal Galena Formation might have
been deposifed in a mid-ramp below FWB, but above SWB because it
mostly occurs as thin shale partings and contains abundant skeletal |
grains and burrows indicating oxygenation, and it is intercalated by
abundant storm beds. The occurrence of relatively thick shale beds in

the northern area is probably due to their closeness to the source area.




4. SANDY CARBONATE (SC)

Description

This lithofacies comprises the uppermost Glenwood Member. it
gradationally overlies the shale lithofacies or sharply overlies the
massive sandstone lithofacies with intervening dark brown shale. It is
composed of dolomitic quartz-arenite to quartz—dolomitic,
fossiliferous mudstone to wackestone. The dolomitic sandstone occurs
in the southern study area (Kenosha, Racine, Waukesha counties) while
the sandy dolostone occur in the northern study area (Jefferson, Dodge,
Fond du Lac counties).

The quartz grains are the most abundant component making more
than 519% of the volume of the rock (dolomitic sandstone), but
sometimes they comprise 31%-51% of the volume (sandy dolomite).
Quartz grains are coarse- to medium-grained, well-rounded, and poorly
to well sorted with increase in the sorting generally upward and to the
north of the study area. Zircon and hornblende grains are accessory
minerals rarely observed. Sand-sized phosphate grains are common
throughout this Iithofaéies and they are particularly abundant in the
dark brown shale streaks at base (Fig. 32). Sand grains are in grain
contact and sometimes show sutured boundaries (Fig. 33). The spaces
between the grains are filled with fine-crystalline xenotopic dolomite
crystals. The carbonate content gradually increases upward until the
quartz grains are floating within carbonate matrix in the overlying
bioturbated skeletal wackestone to packstone lithofacies of the

Platteville Formation. Bioturbation is pervasive by abundant Chondrites
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Fig. 32 Photomlcrograph of the sandy carbonate hthofacnes. The sample is taken from the
base of the sandy carbonate lithofacies containing many shale streaks. Note the laterally
elongated phosphate grains due to compaction. Scale bar is 0.5 mm long. PPL. Locality RA,
Racine County [U.W.1896/17].

Fig. 33. Photomicrograph of the sandy carbonate lithofacies showing sutured boundaries
between quartz grains. PPL (plane-polarized light). Scale bar is 0.5 mm long. Locallty RA,
Racine County [UW.1896/18].




" and common Thalassinoides burrows. Many ferruginous hardgrounds are

present in association with these burrows. They are more common in

the upper part of this lithofacies.

interpretation
The sandy carbonate lithofacies is interpreted to have deposited

in a marine environment around or just below FWB based on the high
sand content and lack of current structure. The sedimentation rate was
very low which is indicated by pervasive bioturbation and occurrence of
many hardgrounds. The burrowed and Fe-mineralized surfaces are
hardgrounds or firmgrounds formed during periods of non-deposition.
The origin of the ferruginous hardgrounds is discussed later.

The sutured grain contacts of the quartz sand imply that the
dolomite crystals filling the space between the quartz grains weré
originally matrix rather than cement or at least indicate that the
grains were not cemented early. The fine size and dusty appearance of
the dolomite crystals also suggest matrix texture. This idea is also .
supported by the fact that the dolomite crystals filling the burrows,
which were originally lime mud, are identical to the matrix in crystal
size and texture.

Therefore the sandy carbonate probably was deposited with
discontinuous quartz sand input by Iong'shore‘ current with varying
intensity into areas at or below FWB that was also characterized by
very low rate of lime mud accumulation and strong bioturbation.

The increase in carbonate content upward with decreasing sand

content indicates decrease in siliciclastic input into the basin or




increase in carbonate production or both. The decrease in siliciclastic

input was probably caused by inundation of source area.

5. SKELETAL WACKESTONE TO PACKSTONE (SWP)

Description
This lithofacies occurs in the lowermost (Fig. 7) Platteville

Formation (Type 1) and in the middle Galena Formation (Type 2). The
texture of the skeletal wackestone to packstone lithofacies is that of a
fine- to medium-crystalline dolostone in which the crystal size
reflects original texture. It is strongly to pervasively bioturbated by
horizontal to subhorizontal Chondrites burrows (Figs. 34, 36). The
insides of the burrows are filled with mud that is fine to very fine
crystalline dolomite. The sizes of the burrows are 3-5 mm in diameter.
The skeletal wackestone to packstone lithofacies (Type 1) is the
most argillaceous-free carbonate unit in the Platteville Formation and
is the most densely bioturbated unit in the whole Sinnipee Group. It is
medium- to thick-bedded with very thin argillaceous partings. It is
medium to dark gray in color with light gray burrow mottlings. The
main constituents of this lithofacies are medium to coarse sand-sized
bioclasts such as crinoids, bryozoans, and trilobites, which are often
stained to dark gray with pyrite. This lithofacies shows gradual upward
decrease in bioclast content in the southern study area (Racine,
Kenosha counties) whereas it shows slight upward increase to the
north of these counties. In generél, thisﬁ lithofacies within the same

unit shows a north to south lateral change in texture from packstones
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Fig. 34. Rock slab photograph of the skeletal wackestone to packstone lithofacies (Type 1)
: showing abundant 3-7 mm-wide Chondrites burrows filled with carbonate mud. The dark
speckles are bioclasts, mostly of crinoids. Taken from the Chana sub-member at Ripon Qr.,
Locality 14 [UW.1896/5].

i}

Fig. 35. Field photograph of the skeletal wackestone to packstone lithofacies (Type 1)
showing a ferruginous hardground below pencil. Pencil for scale is 14 cm long. Top of the
Chana sub-member at Sun Prairie Qr., Locality 17.




78

Fig. 36. Rock slab photograph of the lithofacies SWP (Type 2) showing 3-5 mm-wide
Chondrites burrows filled with bioclasts or carbonate mud. Note 1 cm-wide Thalassinoides
burrows associated with the ferruginous hardground. From the Wise Lake Member, Spruce
Qr., Locality 7 [U.W.1896/6].

Fig. 37. Field photograph of the lithofacies SWP (Type 2) showing two hardground horizons
(base and top of the bed) and associated Thalassinoides burrows. Marker pen for scale is 14
cm long. From the Wise Lake Member, Spruce Qr. Locality 7.




to wackestones. The texture is rather constant within a bed. This

lithofacies usually contains medium- to coarse-grained floating quartz
grains. The proportion of quartz grains gradually decreases from 10% at
base to less than 1% at top. The quartz grains are very well rounded and
generally concentrated outside burrow walls. Phosphate grains with 0.2
mm size and quartz silt are also common as minor constituents.
Ferruginous hardgrounds are common in the lower and upper parts of
this lithofacies and can be correlated widely within the study area (Fig.
34; Appendix B).

Skeletal wackestone to packstone lithofacies is also abundant in
the middle Galena Formation (Type 2) in the northern study area (Dodge,
Fond du Lac counties). It is carbonate to moderately argillaceous, fine-
to medium-crystalline bioturbated dolostone (Fig. 36). lts texture is
generally wackestone dominated and the texture is relatively variable
within a bed compared to Type 1 SWP lithofacies. It is fine- to thick-
bedded mainly depending on clay content. The clay content in this
lithofacies varies laterally from outcrop to outcrop as well as
vertically. However, there is a gradual northward increase in clay
content in the study area. The color of this lithofacies (Type 2) is light
purplish—gray/ to purplish-brown in carbonate beds and greenish-gray in
argillaceous beds. This lithofacies is characterized by abundant
ferruginous hardgrounds occurring repeatedly in 5-20 cm interval (Fig.
7). Thalassinoides burrows are usually associated with these
hardgrounds (Figs. 36, 37).
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Interpr ion

A mid-ramp setting is interpreted for the deposition of the
skeletal wackestone to packstone lithofacies. Considering the high
fragmentation, good sorting of the skeletal grains, and relatively
packstone-dominated texture without much vertical change, the Type 1
SWP lithofacies in the northern study area was deposited just below
FWB. The sand-sized bioclasts were transported from shoal area by
occasional storm-driven gradient current (Aigner, 1985). During normal
weather condition, the depositional area was favored by lime mud
accumulation and complete bioturbatidn homogenized the sediments
obliterating the original sedimentary structures. The type 1 in the
southern study area seéms to have been deposited in a relatively deeper
environment considering the texture.

A generally deeper mid-ramp setting is interpreted for the
deposition of the Type 2 SWP lithofacies because of its wackestone-
dominated lithology and more variable texture within a short interval

than the Type 1.
6. MUDSTONE (Md)

Description

Mudstone lithofacies occurs as very fine-crystalline dolostone
with variable amount of argillaceous material. It is thin- to medium-
bedded with 0.1-1.5 cm-thick diffuse argillaceous partings. It occurs in
three intervals in the Sinnipee Group: Pecatonica Member (Type 1),

Grand Detour Member (Type 2), and Wise Lake Member (Type 3).




Mudstone lithofacies in the three intervals are distinguishable based on

the amount of impurities, degree of bioturbétion, and bioclast content.

The mudstone lithofacies in the upper Pecatonica Member (Type 1)
comprises the Dane sub-member (Willman and Ko‘lata, 1978). Its color
is purplish-brown to greenish-gray with dark gray mottlings (Figs. 13,
15). It is slightly to moderately argillaceous with 0.5-1 .5 cm-thick
argillaceous partings. The clay content gradually decreases upward
with increasing bed thickness (Fig. 15). The bédding plains are wavy and
irregular and truncates underlying beds particularly in the lower part
of the Dane sub-member. It is weakly to strongly bioturbated by 2-9
mm-wide mottled burrows. The intensity of bioturbation gradually
increases to the south. The fauna in this lithofacies is brachiopods,
crinoids, gastropods, and pelecypods.

The mudstone lithofacies in the Grand Detour Member (Type 2) is
subdivided into two sub-types according to the degree of bioturbation
and slight difference in clay content. The first sub-type is medium gray
in color and moderately to pervasively bioturbated by 3-5 mm-wide
dark gray mottled burrows (Fig. 38). The thickness of the first sub-type
is 0.4-2.5 m. The second sub-type is light purplish-brown in color and
rarely to weékly bioturbated by horizontal burrows less than 0.5 cm in
diameter (Fig 39). It is occasionally intercalated with 0.5-1 cm-thick
bioclastic grainstone lenses. The thickness of the second sub-type is
6-7 m. The first sub-type is slightly more argillaceous than the second.
Fauna in the mudstone lithofacies in Grand Detour Member mostly
occurs as whole fossils including brachiopods, gastropods, bryozoans,

and rugose corals.
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Fig. 38. Core slab photograph of strongly bioturbated Type 2 mudstone lithofacies. Note 3-6
mm-wide dark gray-mottled Chondrites burrows. Up to the left. Grand Detour Member.
Locality JE, Jefferson County. WGNHS Sample Repository BD323, 254",

Fig. 39. Rock slab photograph of non- to weakly bioturbated Type 2 mudstone lithofacies.
Note a few 1-2 mm-wide burrows. Grand Detour Member. Ripon Qr., Locality 14
[U.W.1896/7].




The mudstone lithofacies in the Wise Lake Member (Type 3) is

relatively argillaceous-free to slightly argillaceous. The mudstone
lithofacies in this interval rarely exceed 1 m in thickness without
grainstone beds. It is strongly bioturbated by 0.5 mm-wide horizontal
burrows which are sometimes filled with fine bioclasts. It is thin-
bedded with thin gray argillaceous partings. This lithofacies commonly
has intercalated bioclastic grainstone beds, which are mostly less than

5 cm in thickness.

Interpretation
The very fine-crystalline dolomitic mudstone is thought to have

been originally lime mud or mudstone. Pervasive dolomitization has
changed this lithofacies into the very fine-crystalline dolostone.

The origin of lime mud still remains a major problem in carbonate
sedimentology specially in the Paleozoic. Many origins have been
suggested as the sources of lime mud. They include direct precipitation
from marine waters (Kinsman and Holland, 1969), production by
disintegration of calcareous green algae (Neumann and Land, 1975),
and/or breakdown of skeletal organisms other than plants (Matthews,
1966). |

Although it is popularly believed that the algae are the producers
of most, if not all, of the Recent carbonate sediments, there have been
growing evidences for direct precipitation of lime muds from sea
water based on geochemical data (Steinen et al, 1988; Robbins and
Blackwelder, 1992). It is difficult to ascertain the origin of ancient

lime muds due to diagenesis. Pervasive dolomitization of the Sinnipee




Group carbonate obliterated even the geochemical traces. It is only
speculated that most of the Platteville lime muds were originated from
direct precipitation and disintegration of calcareous algae whereas
considerable amount of the Galena muds were originated from
breakdown of bioclasts.

Whatever origin the mudstone lithofacies has, it is interpreted to
| have deposited relatively quite environment based on the thickly
accumulated fine-grained sediments, scarceness of current structures
and intercalating grainstone beds indicating high energy. Such
environments exist in deep subtidal well below FWB in an open marine
or in a protected area partly or completely closed by barriers. The
fauna indicates open marine precluding the interpretation of
completely closed protected environment although the faunal diversity
and abundance} are lower than those in the other lithofacies. Therefore,
protected environments with open circulation is postulated for the
deposition of the mudstone lithofacies in the Platteville Formation.

However, the Type 3 mudstone lithofacies is interpreted to have been

deposited in an open marine mid- to outer ramp environments based on

the fauna and the associated abundant storm beds.

7. NODULAR CARBONATE (NC)

Description
The nodular carbonate lithofacies is a very fine crystalline

limestone/dolostone intercalated with thin irregular argillaceous

seams. This lithofacies compfises most of the Mifflin Member except
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uppermost beds. It is characterized by nodular or ribbon-like

appearance due to concentration of argillaceous material as 0.3-1 cm-
thick irregular layers (Figs. 12A, 40 - 43). The clay content appears
approximately 10-31%. This lithofacies con‘sisték of alternation of two
lithologies: carbonate and argillaceous. e

The carbonate lithology is 0.5-3 cm-thick forms laterally
continuous to discontinuous mudstone to bioclastic wackestone beds,
light-gray to yellowish-gray in color. Beds are often nodular when it is
surrounded by the argillaceous lithology (Fig. 41). The nodules are
elliptical and elongated laterally, 0.5-2 cm in height and 1-5 cm in
width. The argillaceous lithology is greenish- to bluish-gray in color.
Its thickness varies ranging from approximately laterally continuous
layers up to 1 cm thick to discontinuous thin seams around nodules. The
boundaries between the carbonate and the argillaceous lithologies are
generally gradational and marked by anastomosing swarms of fine clay
seams and microstylolites. However, the upper boundaries of the
nodules are usually very sharp and marked by stylolites while the
lateral boundaries are gradational and show diffuse boundary (Fig. 42).

This lithofacies is moderately to strongly bioturbated by 2-4
mm-wide Chondrites burrows. The burrows are circular to elliptical in
the carbonate lithology, but they are more compressed and elongated
laterally in the argillaceous lithology. In some beds, only the
argillaceous lithologies are highly bioturbated whereas the carbonate
lithologies are not bioturbated (Fig. 43). In those un-bioturbated beds,
the nodules are irregular in shape and lack bioclasts within them. This

lithofacies contains normal marine fauna such as brachiopods, crinoids,
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Fig. 40. Field photograph of the lithofacies NC. The darker layers or partings are
argillaceous. The lighter layers and nodules are carbonate lithology. Note abundant
Chondrites burrows and a ferruginous hardground below. 2.5 cm-wide coin for scale.
Mifflin Member. Beaver Dam Qr., Locality 5.

Fig. 41. Rock slab photograph of the lithofacies NC showing carbonate nodules surrounded by
argillaceous lithology. Note the compressed burrows in the argillaceous lithology (arrow).
Mifflin Member. Beaver Dam Qr., Locality 5 [U.W.1896/8].
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Fig. 42. Photomicrograph of a nodule in the lithofacies NC. The upper boundary of the nodule
is relatively sharp while the lateral boundary is diffuse. The scale bar is 1 mm long. PPL.
Mifflin Member. Beaver Dam Qr., Locality 5 [U.W.1986/19].

Fig. 43. Rock slab photograph of the lithofacies NC. Note the irregular nodule shape and | )
restricted occurrence of Chondrites burrows to the argillaceous lithology. Mifflin Member.
Sun Prairie Qr., Locality 17 [U.W.1896/9].




bryozoans, and gastropods. This lithofacies is associated with thin-

bedded intraclastic/bioclastic grainstone. The intercalating grainstone
beds are particularly abundant in the upper part of this lithofacies
(Figs. 6, 7). Ferruginous hardgrounds often occur in this lithofacies on

top of the carbonate lithology.

Interpretation
Nodular limestone/dolostone is a descriptive term that

encompasses all kinds of carbonate rock having 'nodular’ structures.
There is no single mechanism nor sequence of mechanisms that can
explain the origin of all kinds of nodular carbonates. Therefore, each

case must be considered individually. The genesis of nodular limestones
has been attributed to: (1) sedimentary boudinage (McCrossan, 1958),
(2) early diagenetic concretionary precipitations (Jenkyns, 1974), (3)
burrowing (Abed and Schneider, 1980), and (4) late burial diagenesis
(Garrison and Kennedy, 1977). The suggested depositional environments
for nodular limestones range from peritidal (Abed and Schneider, 1980)
to deep slope (Mullins et al., 1980).

The nodular carbonate of the Platteville Formation is interpreted
to have depbsited in a subtidal environment below FWB above SWB. This
interpretation is based on the criteria of lack of physical structures
indicating shallow-water or intertidal environment; there are no mud
cracks, cross beddings, or ripples in this lithofacies. The abundance of
the associated intraclastic/bioclastic lithofacies indicates storm
influence above SWB.

Judging from the diffuse and gradational nature of the




argillaceous seams and the more compressed burrows within them (Fig.
41), the argillaceous seams are formed by pressure solution due to
compaction during burial (i.e., Wanless, 1979). However, the following
evidences suggest that some of the limestone nodules were formed
early and leaded to differential compaction in later burial diagenesis:
(1) the boundaries are sharp at the top and bottom of the nodules while
diffuse and gradational at the sides (Fig. 42) indicating more
concentration of stress along the upper and lower boundaries of the
nodules than the sides, which imply the pre-existence of harder
substances during compaction; (2) some nodules lack burrows while
surrounding argillaceous seams have abundant compressed burrows
(Fig. 43), which implies that the nodules have grown before
bioturbation or early cementation occur around nucleus pushing out
pre-existing sediments. Moller and Kvingan (1 988) suggested early
formation of limestone nodules in a similar depositional setting.

Four stages are defined for the origin of the nodular structures of
this lithofacies.

(1) sedimentation of lime mud and clay in a quite subtidal

| environment

The precursbr sediments of the nodular carbonate could be either
alternation of pure lime mud and clay or homogeneous argillaceous
sediments. However, considering the fairly good lateral continuity of
the argillaceous/carbonate layers in most horizons and the diffuse
boundary between the two lithologies, the original sediments were
probably alternation of varying degree of argillaceous sediments and

" lime mud.




(2) pervasive bioturbation by Chondrites burrows

(3) early micritic cementation of limestone locally depending on
the chemistry of microenvironments and probably nucleus
Most space (70-80%) of lime mud sediments is occupied by water
before compaction. Thus, if cementation occur impartially in the small
microenvironments, burrows are preserved inside nodules. If
cementation occur around nucleus, nodules grow within argillaceous
sediments pushing out the surrounding sediments.
(4) burial compaction resulting in differential pressure solution
between nodules
The late diagenesis at the last stage may have produced many of
the nodular beddings as well as modification of the early formed
nodules. In conclusion, the nodular structures of the nodular carbonate
lithofacies of the Platteville Formation have been produced by more
than one process - depositional heterogeneity, early cementation and
later modification or enhancement by burial diagenesis. However what

caused the differential early cementation is still a question.

8. THIN-BEDDED GRAINSTONE (TBG)

Description

This lithofacies consists of coarse sand- to pebble-grain size
intraclasts and sand-grain size bioclasts. It is characterized by grain-
supported texture, sharp and commonly erosional lower boundary,
gradational upper bouhdary, and normal grading. It is medium gray to

greenish-gray in color depending on the clay content. Most beds are




TYPES TYPE 1 TYPE 2 TYPE 3

OCCURRENCE IMifflin Member  Jlon sub-member pupper Dunleith
sub-member -
Wise Lake
[Member

APPROXIMATE % 0-70% < 1% <1%

|OF INTRACLASTS

INTRACLAST Mostly Type A [Type A Type A

TYPES with occasional

Type B.
IBIOCLAST TYPES Type A > Type B [Type A > Type B [Type A < Type B

RELATIVE PROPORTION OF COMPONENT GRAINS

Autochthonous Auto- (Bio-B, IAuto— (Bio-B, lAuto— (Bio-B,
VS. Intra-A,B) = Intra-A) < Allo-  |intra-A) » Allo-
Allochthonous Allo- (Bio-A) (Bio-A) (Bio-A).
{Components.

[INTERPRETATION Proximal to {Proximal Distal
(Relative intermediate.

Proximity to

Paleo-shoal)

Bio-A: Type A bioclast; Intra-A: Type A intraclast; Auto-:
Autochthonous; Allo-: Allochthonous; =~: Approximately equals to.

Table 8. Relative proportion of grains in the thin-bedded grainstone
lithofacies in the Sinnipee Group and interpreted proximity to the
paleo-shoal. The interpretation is based on relative proportion
autochthonous vs. allochthonous components.
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thin-bedded and maintain constant thickness laterally at outcrop scale,
but some thicken and thin, or laterally pinch out. The distinction
between grainstone and packstone is very difficult to make except few
occasions because of pervasive dolomitization.

This lithofacies occurs in three stratigraphic intervals: Mifflin
Member (Type 1), lon sub-member (Type 2), and upper Dunleith sub-
member to Wise Lake Member (Type 3). They differ from each other
with constituents, grain size, and associated lithofacies. Table 8
summarizes and interprets the component grains and their relative
proportion in each type of TBG lithofacies in Sinnipee Group.

Type 1 is characterized by high intraclast content. The proportion
of intraclasts varies from 0 to 70% and generally increases to the
south. With decreasing content of intraclasts it changes into bioclastic
grainstone with or without minor intraclasts sparsely floating in the
bioclastic grainstone matrix. The floating intraclasts are usually black
due to pyrite staining, often have .2 mm-wide borings, and reach up to
10 cm in length. This lithofacies is weakly to moderately bioturbated
by 2-5 mm-wide Chondrites burrows. Most intraclastic grainstones are
poorly sorted and poorly graded (Fig. 44a). The bed thickness ranges
from 1 cm to 8 cm but they reach up to 15 cm in amalgamated beds (Fig.
44a).

The intraclasts of Type 1 thin-bedded grainstone are mostly Type
A intraclasts with occasional Type B intraclasts (Table 8). Most
intraclasts are platy and discoidal in shape but some are near spherical
“(Fig. 44b). Most of them show good roundness but intraclasts with sharp

edge in irregular shape are not uncommon (Fig. 44a). The size of




intraclasts ranges from few millimeters to 7 cm in length. Most of

them are dark gray with fully disseminated pyrite and some are dark
gray only at the edge (Fig. 44b). The intraclasts consist of fossiliferous
mudstone to wackestone with lesser grainstone or laminated
calcisiltite (Fig. 45). In general, intraclasts of pure mudsione are more
spherical (Fig. 44b). The grains of the grainstone intraclasts consist of
bioclasts and/or mm-sized intraclasts. The lamination of the laminated
calcisiltite intraclasts consists of alternation of argillaceous laminae
with disseminated very fine-crystalline dolomite and carbonate

laminae composed of coarser crystalline-dolomite. The orientation of
the lamination always coincides with the long axis of the pebble (Fig.
45a).

The texture and composition of the intraclasts in the Type 1 TBG
lithofacies are commonly related with the underlying lithologies. In
general, the intraclasts are more common above ferruginous
hardgrounds. Occasionally the intraclastic grainstone beds overlie
nodular Carbonate having mudstone nodules surrounded by thick shaly
layers, then the grainstone beds often show gradational boundary and
contain mudstone intraclasts with near spherical shape (Fig. 44b). The
same is true in the other cases (Fig. 45). Where th_e intraclasts are in
contact, the boundaries are sutured (Fig. 46).

The matrix of the Type 1 TBG lithofacies consists of well-sorted
bioclasts, smaller size intraclasts, and lime mud. Most bioclasts are
coarse sand-sized but some brachiopod fragments reach up to 1 cm in
maximum size. In general, there are more Type A and less Type B

bioclasts. Most bioclasts are fragmented, dark gray, almost all are




Fig. 44. Core slab photograph of intraclastic grainstone (Type 1 TBG). a: Amalgamated beds.
Note poor sorting and platy shape of most intraclasts. Mifflin Member. Locality RA. WGNHS
Sample Repository BD318, 570'. b: Irregular but spherical shape of intraclasts with pyrite
staining at the edge. Mifflin Member, Locality JE. WGNHS Sample Repository BD323, 287'.

Fig. 45. Core slab photograph showing the relationship between the intraclasts and the
underlying lithologies. a: Laminated intraclast (arrow) above laminated bed. Mifflin
Member. Locality RA. WGNHS Sample Repository BD318, 570", b: Bioclastic grainstone
intraclasts (arrow) above bioclastic grainstone. Mifflin Member. Locality WK-2. WGNHS
Sample Repository BD320, 341'.
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Fig. 46. Photomicrograph of intraclastic grainstone lithofacies (Type 1 TBG) showing
sutured boundary between mudstone intraclasts. Scale bar is T mm long. PPL. Same sample
as 44b. Mifflin Member. Locality JE [U.W.1896/20].

Fig. 47. Photomicrograph of Type 1 TBG lithofacies showing matrix consisting of skeletal
fragments. Most of them are Type A bioclasts. Note good sorting and fragmentation of the

bioclasts. Scale bar is 1 mm long. PPL. Same sample as 44b. Mifflin Member. Locality JE
[U.W.1896/20].




Fig. 48. Rock slab photograph of bioclastic grainstone (Type 2 TBG) consisting of pyrite-
stained bioclasts and floating intraclasts. Burrows are filled with green clay. Note the ;
shelter porosity below a brachiopod shell (arrow). lon sub-member. Watertown Qr.,
Locality 2 [U.W. 1896/10]. )

Fig. 49. Rock slab photograph of shaly bioclastic packstone. Note the local concentration of
bioclasts, which are probably remnants of the former grainstone bed. lon sub-member.
Watertown Qr., Locality 2 [U.W. 1896/11].




disarticulated, although the degree of abrasion is not clear due to

| dolomitizétion (Fig. 47). The Type A bioclasts are all stained by pyrite
while about half of the Type B bioclasts are stained by pyrite in this
lithofacies. The fauna is brachiopods, crinoids, bryozoans, and
trilobites in order of abundance.

The Type 2 TBG lithofacies differs from the Type 1 in that it is
thicker-bedded, it is commonly associated with shale lithofacies, and
intraclasts are rare (Table 8). It is occasionally pafallel—laminated, or
cross-stratified in rare occasion. The cross stratification plunges to
the south with approximately 20°, which was measured in a horizontal
bed. Moldic to shelter porosities are common in the grainstone beds
(Fig. 48). This lithofacies is usually moderately to strongly bioturbated
by 0.3-1 cm-wide burrows. Most burrows are extended from the shale
laminae above to grainstone below and are filled with green clay (Fig.
31). Pervasive bioturbation often results in complete mixing of

- bioclasts and the clay, and the skeletal grainstone becomes an
argillaceous skeletal packstone (Fig. 49). The bioclasts comprising this
lithofacies are mostly Type A with minor Type B; they are very well
sorted, highly fragmented, and pyrite-stained, and ranges in size from
0.2 mm to 20 mm. The fauna includes brachiopods, bryozoans, crinoids,
and trilobites. The common pyrite staining in the bioclasts makes the
identification of them easy despite dolomitization (Fig. 50).

Terrigenous silt is common and particularly abundant up to 10% in some
clay-rich packstone beds (Fig. 51). The terrigenous silt is subangular to
subrounded, mostly quartz grains with minor feldspar including

microcline and plagioclase. The proportion of the feldspar silt is
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Fig. 50. Photomicrograph of bioclastic grainstone (Type 2 TBG). Most bioclasts are stained
by pyrite and identified only by morphology. Scale bar is 1 mm long. This photo is taken by
inserting a white card below thin section. lon sub-member. Locality WK-1

[U.W.1896/21].

: A B =l A RN g e e
Fig. 51. Photomicrograph of the argillaceous bioclastic packstone (Type 2 TBG) showing

abundant terrigenous silts. The larger crystals are dolomite crystals. Scale bar is 0.5 mm
long. XPL (crossed polars). lon sub-member. Locality WK-1 [UW.1896/21].
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Fig. 52. Field photograph of the bioclastic grainstone (Type 2 TBG) containing bored
intraclasts. Note that the borings exist both on the upper and lower sides of the intraclast
(arrow). Coin for scale is 2.5 cm in diameter. lon sub-member. Watertown Qr., Locality 2.

Fig. 53. Field photograph of Type 3 TBG lithofacies showing low-angle cross lamination

(hummocky cross stratification?). Note also the dark gray stained hardground below the
grainstone bed. Wise Lake Member. Waupun Qr., Locality 9.
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Fig. 54. Rock slab photograph of Type 3 TBG lithofacies. Most of the intraclasts are platy in I
shape and pyrite-stained and bored. The skeletal fragment at upper left hand corner .
(arrow) is Receptaculites. Upper Dunleith sub-member. Rosandale Qr., Locality 16 [U.W. ‘
1896/12]. ]

Fig. 55. Rock slab photograph of typical Type 3 TBG lithofacies. The bioclst are poorly
sorted and retain original shape. Note abundant shelter and moldic porosities some of which
are filled with white silica cement. Wise Lake Member. Waupun Qr., Locality 9 [U.W.
1896/13].
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approximately 10-20%. Dark gray to black intraclastic pebbles occur
sparsely in some grainstone beds. They usually have 2-3 mm-wide
borings (Fig. 52).

The thin-bedded grainstone lithofacies (Type 3) occur widely
throughout the middle to upper Galena Formation as intercalating thin
beds in fossiliferous mudstone, skeletal wackestone to packstone, and
porous dolostone lithofacies. It ranges from 1 cm to 10 cm in bed
thickness. Recognition of this lithofacies is difficult particularly when
it occurs in intervals of pure carbonate and does not show any
difference in dolomite crystal size from the lithologies above and
below. Some grainstone beds are parallel- or low angle cross-
laminated (Fig. 53). This lithofacies consists mostly of bioclasts with
rare dark gray to black bored intraclasts but in some beds the
intraclasts occur in great abundance (Fig. 54). The bioclasts are mostly -
Type B and rare Type A: unabraded and articulated (Fig. 55), although
they may be fragmented and disarticulated in well sorted and laminated
grainstone beds. The fauna includes brachiopods, crinoids, gastropods,

bryozoans, trilobites, and cephalopods in order of abundance.

!ntgrprgtatibn
The thin-bedded grainstone lithofacies is interpreted as storm

tempestites deposited in a middie ramp below FWB and above SWB. This
interpretation is based on the following characteristics:
(1) The bases of the thin-bedded grainstone do not show any
channel morphology, although they are commonly erosive

(2) The beds are widely correlated over several 10's of km's



despite the thin bed thickness, although they commonly pinch
and swell laterally at m-scale

(3) They commonly show parallel-lamination, occasionally show

low angle cross lamination (hummocky cross-stratification?),
and sometimes are normally graded

(4) Associated lithofacies are interpreted as mid- to deep ramp

deposits.

Similar thin-bedded skeletal/intraclastic grainstones have been
reported and interpreted as storm deposits (Jones and Dixon, 1976;
Kreisa, 1981; Kreisa and Bambach, 1982; Sepkoski, 1982; Byers, 1983;
Aigner, 1985; Brookfield and Brett, 1988). Periodic storms produce
intense bottom-shear conditions well below FWB during storm peak and
offshore-directed gradient currents (Kreisa, 1981; Aigner, 1985). The
thin-bedded grainstone lithofacies was probably generated by in-situ
erosion and redeposition of sediments and/or was introduced as
suspension load with occasional bedload transport from the inner ramp
of skeletal shoals.

Intraclastic grainstone (flat-pebble conglomerate) has been
reported by several workers as intertidal deposits (Braun and Friedman,
1969; Larpdrte, 1969; Wilson, 1975), reef slope deposits (Enos and
Moore, 1983), and basin margin deposits (Cook and Mullins, 1983).
Modern analogues also have been reported from supratidal flats (Roehl,
1967; Shinn, 1968). The intraclastic g'rainstone lithofacies in the
Platteville Formation (Type 1), however, is interpreted to have
deposited in different environments and/or process. Considering the

associated nodular carbonate lithofacies, the intertidal to supratidal
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setting is excluded from the probable depositional environment for the
intraclastic grainstone because the associated lithofacies do not show
any characteristics indicative of this environment such as fenestral
structures, mud cracks, and tidal bedding. Furthermore, there are no
intraclasts of microbial laminite confrary to what would be expected if
they were derived from supratidal flats. The basin margin and reef
slope depositional setting is also excluded because units are thin, less
than 10 cm, clasts are small and do not consist of reef-forming
organisms, and the matrix does not consist of shale or reef-derived
bioclasts.

The thin-bedded intraclastic/bioclastic grainstone (Type 1)
resemble that described by Jones and Dixon (1976) in following
characteristics: good roundness and flat shape of intraclasts in varying
proportion within a bioclastic matrix rich in crinoids, brachiopods, and
trilobites. They suggested that during short-lived phases of high-
energy conditions some of the unconsolidated sediments were ripped-
up and broken and the resulting debris accumulated as thin units of
intraformational conglomerate, intraclastic shelly limestone, and
shelly limestone. They also suggested that the lower proportion of
intraclasts in the intraclastic shelly limestone probably indicated a
slightly lower energy regime than for the intraformational
conglomerate. The relative proportion of intraclasts in the thin-bedded
grainstone in the Sinnipee Group, however, seems more related with
relative availability of intraclasts and bioclasts than the intensity of
hydraulic energy regime alone.

Most intraclasts seems to have derived from the underlying beds
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or at least not far from the depositional site, considering the close
relationship of the intraclast shape and composition with the
underlying lithologies. The Type A intraclasts are interpreted to have
derived from the ferruginous hardgrounds considering the higher
occurrence of these intraclasts above the hardgrounds. The Type B
intraclasts were probably derived from the early formed nodules of the
nodular carbonate lithofacies some of which were possibly exposed to
sediment-water interface before final erbsion enabling pyrite-staining.
This interpretation is also supported by the close resemblance between
those intraclasts and the nodules of the nodular carbonate lithofacies
below (Fig. 44b).

The type A bioclasts in Type 1 TBG are interpreted to have
derived from skeletal shoals, which might have existed landward from
the depositional site based on the good sorting and taphonomic
characteristics of the bioclasts. The taphonomic criteria also suggest
that Type B bioclasts are deposited rapidly by episodic high energy
(Brett and Baird, 1986).

Therefore, the sediments of Type 1 TBG lithofacies are
interpreted to be a mixture of shoal-derived bioclasts (Type A) and in-
situ derived intraclasts and bioclasts (Type B). This interpretation also
explains general northward (toward paleo-shoal) increase of the
bioclast proportion in this lithofacies.

The thin-bedded grainstone lithofacies in the lowermost Galena
Formation (Type 2) is also interpreted as a storm deposit but with a
closer proximity to the source area than Type 1. The followings are

evidence for the interpretation:
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(1) Bed thickness is greater than type 1; some laminated

bioclastic grainstone beds reach up to 15 cm in thickness

(2) Laminated grainstone beds are more abundant which indicate

higher energy ;

(3) Some beds are cross-stratified which indicate bottom

traction current in nearshore
(4) The size of the bioclasts are generally larger than the size of
those in the Type 1

(5) Many grainstone beds are amalgamated with thin intervening

shale partings.

The relative proportion of the component grains also supports the
above interpretation. Therefore, this lithofacies probably deposited
just below FWB by continuous wave erosion and transportation of shoal
deposits by storm reworking.

Most of the thin-bedded grainstone Iithofécies (Type 3 TBG) in the
middle to upper Galena probably deposited without much input of
bioclasts from the skeletal shoals éxcept the laminated grainstone
beds. This inference is based on the fact that the comprising bioclasts
are mostly Type B (Table 8) and that most beds are less than 5 cm in
thickness and rarely amalgamated. The associated lithofacies (skeletal
wackestone to packstone or mudstone) also support the above

interpretation.
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9. POROUS DOLOSTONE (PD)

Description
This lithofacies is a fine- to medium-crystalline dolostone. It is

common in Nachusa Member, upper Dunleith sub-member, and Wise Lake
Member, south of Dodge County. This lithofacies is 10's m thick and is
characterized by irregularly distributed vesicular pores and vuggy
porosity (Fig. 56). The original depositional texture of this lithofacies
probably corresponds to fossiliferous mudstone to packstone with
occasionally intercalating thin-bedded grainstone. It is light brown to
buff in color and medium-bedded with very thin argillaceous partings.
Terrigenous sﬂt occurs throughout this lithofacies in minor (1%)
proportions. Stylolites are common containing phosphate grains, clay,
and pyrite (Fig. 57). Hardgrounds are common to abundant in this
lithofacies, one in every 5-20 cm interval. There is a complete
spectrum of the hardgrounds with prominence. Some hardgrounds are
vague and are not easily distinguished from stylolites or argillaceous
partings. Chert nodules are locally abundant. The size of the nodules
ranges from 1 cm to 6 cmiin height and elongated laterally. The color of
the nodules is mostly white with occasional dark purplish-gray. This
lithofacies is moderately to strongly bioturbated by 1-2 cm-wide
Thalassinoides burrows (Fig. 58). The boundaries of the burrows are
diffused except when they are stained by pyrite on hardgrounds. Fauna
in this lithofacies consists of molds of bryozoans, brachiopods,
gastropods, and trilobites. The most peculiar of them is bryozoan

molds. The bryozoan molds occur abundantly throughout this lithofacies
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Fig. 56. Field photograph of porous dolostone lithofacies showing irregularly distributed
vesicular pores and vuggy porosity. Coin for scale is 2.5 cm in diameter. upper Dunleith
sub-member. Fort Atkinson Qr., Locality 1.

Fig. 57. Photomicrograph ies showing a stylolite rich in
phosphate grains and pyrite. The phosphate grains are compacted losing their identity as
grains. Scale bar is 0.5 mm long. PPL. Uppermost upper Dunleith sub-member. Locality
WK-1 [U.W.1896/22].
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Fig. 58. Rock slab photograph of porous dolostone lithofacies showing irregularly
distributed vesicular pores. Considering the shape and scale, they are probably
Thalassinoides burrows composed of coarse-crystalline dolomite. Note the ferruginous
hardground (reddish brown) associated with the Thalassinoides burrows. upper Dunleith

sub-member. Fort Atkinson Qr., Locality 1 [U.W. 1896/14].

Fig. 59. Core sample taken from the upper Dunleith sub-member, locality WK-2 showing
tube-like bryozoan molds. WGNHS Sample Repository BD320, 306".




109

8

Fig. 60. Rock slab photographs showing bryozoan molds. Up to the left. upper Dunleith sub-
member. Fort Atkinson Qr., Locality 1 [U.W. 1896/15]. A: Tube-like bryozoan molds
consisting of 1-2 mm-wide hollows and/or linings composed of fine-crystalline dolomite.

B: Another side of the same sample as A. The molds appear burrows, but in fact they are
bryozoans.




as 3-8 mm-wide cylinders and/or tubes composed of fine crystalline

dolomite (Fig. 59). The tubes are composed of 1-2 mm thick linings and

1-1.5 mm-wide hollows (Fig. 60A). The molds often appear as irregular

burrows filled with finer materials (Fig. 60B). However close
investigation suggests that they are bryozoans molds produced by

partly or whole dissolution of bryozoans.

Interpretation
This lithofacies is inferred to be a dolomitized equivalent of

fossiliferous mudstone to packstone with occasional thin (up to 2 cm
thick) bioclastic grainstone lenses if the cm-thick vesicular
lenses/beds are molds of bioclasts in grainstone to packstone beds.
This interpretation is also supported by the presence of abundant
bryozoans and by the observation that this lithofacies to the north

correlates to the skeletal wackestone to packstone lithofacies with

intercalating grainstone (Appendix C). Considering their shape and size

of the irregularly distributed vesicular porosity zones (Fig. 58), they
are probably Thalassinoides burrows. The coarser crystal size of the
burrows is inferred to be caused by superimposed dolomitization.
Selective weathering of coarse crystalline dolomite seems to result in

vesicular porosity in the burrows. Therefore, based on the inferred

texture and contained open marine fauna, this lithofacies is interpreted

to have deposited in a mid-ramp.
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10. CRINOIDAL WACKESTONE (CW)

Description

This lithofacies occur in the uppermost Gélena Formation. Its
thickness ranges from 2.3 m to 10 m. The main characteristics of this
lithofacies are abundant crinoid fragments disseminated throughout
and frequently intercalating dark brown shaly partings (Fig. 61). This
lithofacies is separated from SWP lithofacies because the component ,
bioclasts are mostly crinoids and they are unique in the Dubuque
Member. The size of crinoid fragments ranges from 0.5 mm to 4 mm.
The brown partings are composed of anastomosing swarms of clay
seams, rich in phosphate grains (Fig. 62). The phosphate grains are 31-
51pin size, show sutured boundaries when in contact with each other.
The frequency and thickness of the brown partings generally increase
upward. This lithofacies occasionally contains beds of crinoidal
packstone, 1-4 cm in thickness. The lower boundaries of these
packstone beds are sharp to gradational while upper boundaries are
always gradational. Thin-shelled brachiopods of 2-6 mm in size are

also abundant in this lithofacies (Fig. 61). Bioturbation is rare.

Interpretation
This lithofacies was deposited in a lower mid-ramp to deep ramp

environment. This interpretation is based on the lack of current
structures, scarcity of bioturbation, and the abundance of phosphate
grains indicating slow sedimentation. The occasional packstone beds

seem to have been produced during storm events. The upward increase
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Fig. 61. Core slab photograph of the crinoidal wackestone lithofacies (CW) showing abundant
dark brown argillaceous partings and crinoid fragments. Some beds are crinoidal packstone
more rich in crinoid fragments. Dubuque Member. Locality WK-2. WGNHS Sample

Repository BD320, 165".

% . e AR r"&&. e e
Fig. 62. Photomicrograph of the CW lithofacies showing abundant phosphate grains
concentrated in the brown partings. Scale bar is 0.5 mm long. Dubuque Member. Locality JE
[UW.1896/23].
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of the brown shaly partings probably indicates gradual deepening of

relative sea level.
11. LITHOFACIES RELATIONS

Lithofacies characteristics indicate that the Sinnipee Group was
deposited in shallow to deep subtidal environments. The interpreted
depositional profile is that of a low-gradient ramp with no apparent
break in slope. The ramp terminology is consistent with that of Ahr
(1973), Read (1985), and Burchette and Wright (1992). The ramp model
is similar to the 'continental-shelf' model (or basin model of Laporte
and Imbrie, 1964) in which there is a simple linear relation of
increasing water-depth away from the shore. Thus, ramp environments
are based on the recognition of fair-weather wave base and storm wave
base.

Figure 63 shows the general depositional environments of the
Sinnipee Group carbonate sediments based on a process-oriented
classification (e.g., Burchette and Wright, 1992). Relative positions of
the lithofacies are plotted on the basis of the interpreted depositional
environment. The ramp settings are subdivided into inner, mid-, and
outer ramp environments. The inner ramp is a subtidal zone above FWB
and in high-energy settings encompasses sand shoals or organic
barriers and back-barrier peritidal areas. Inner ramp facies in the
Sinnipee Group in the study area are rare and seem to be mostly low-
energy. The mid-ramp zone extends from fair-weather wave base (FWB)

to storm wave base (SWB), although the water depths that these
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Fig. 63. Schematic diagram showing the interpreted deposional system (A),
and relative position of the lithofacies in the carbonate-dominated setting of
the Sinnipee Group (B). It does not reflect temporal variation of lithofacies
association. Md: Mudstone; CW: Crinoidal wackestone; NC: Nodular carbonate;
PD: Porous dolostone; SWP: Skeletal wackestone to packstone; TBG: Thin-
bedded grainstone

114




boundaries represent may vary from setting to setting (Burchette and
Wright, 1992). In the mid-ramp, sediments show evidence of frequent
storm-reworking such as storm-generated sedimentary structures (e.g.,
graded beds and hummocky cross-stratification, HCS). Proximal-distal
trends can commonly be recognized in ancient mid-ramp deposits
(Aigner, 1985). The mid-ramp zone is further subdivided into upper and
lower mid-ramp to represent the relative position of the subdivided
carbonate lithofacies more accurately. The upper mid-ramp zone is
characterized by more frequent storm reworking and higher content of
carbonate grains, while the lower mid-ramp is characterized by less
frequent storm reworking and higher content of fine material such as
lime mud and clay. The sediments in the outer ramp zone show little
evidence for direct storm reworking but distal tempestites may occur
in the upper part (Aigner, 1985).

The Sinnipee depositional profile and the lithofacies changed
through time. Generally two end members can be recognized:
siliciclastic-dominated and carbonate-dominated settings. The
siliciclastic dominated setting is characterized by much terrigenous
clay input into the depositional site. The mid-ramp sediments contain
much clay as well as lime mud in varying proportions. The carbonate-
dominated setting is characterized by minor terrigenous clay input into
the depositional site and by healthy carbonate production in the mid-
ramp (Fig. 63). Large-scale (10's meter) gradual transition from
siliciclastic-dominated settings to carbonate-dominated settings are
recognized in the Sinnipee Group while the reverse transition is

relatively sharp. The transitions are interpreted to reflect the long-
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term sea-level fluctuation and climate which controls siliciclastic
supply.

The relative influence of wavé, storm, and tide is Burchette and
Wright's (1992) primary criteria in their classification of carbonate
ramps which is analogous with siliciclastic shelves. Degree of
environmental energy, which is reflected on predominant lithology, is
the additional criteria in the classification. Most carbonate ramps in
the geological record were storm-dominated, which may in part reflect
the relatively high frequency of storm events in the low-latitudinal
settings in which most major carbonate platforms accumulate
(Burchette Wright, 1992). In the storm-dominated ramp sequences,
coarse, graded tempestite-rich mid-ramp successions show transition
to inner ramp successions which contain shoreface barrier sediments
such as ooid/skeletal grainstone and boundstone.

Some unusual ramp successions are observed in the Sinnipee
Group lacking near-shore shoal belts so that inner-ramp lagoonal
mudstone prograded over low-energy storm-influenced mid-ramp
deposits. This unusual ramp successfons in the Sinnipee Group is
interpreted to be caused by unusual hydraulic conditions in which
incoming oceanic waves looses their energy very gradually over wide

area in a broad epeiric sea. Fairchild (1989) and Fairchild and
| Herrington (1989) described a similar carbonate ramp sequence from
Greenland and Scotland in which low-energy, storm-influenced mid-
ramp deposits passed landward into inner-ramp stromatolitic and
evaporitic lagoons without intervening shoreface barrier deposits. Thié

differs from the conventional models and is interpreted it as a




consequence of infrequency of significant wave activity. Therefore, a

low-wave energy, microtidal, storm-dominated ramp model is

postulated for such successions.
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V. SEQUENCE STRATIGRAPHY & SEDIMENTOLOGY

1. INTRODUCTION

Interaction between eustatic sea-level changes, tectonics,
accumulation rates, climate, and other complex biological and
environmental factors control platform and basin evolution. The
combination of these factors results in apparent changes in vertical
and lateral facies transition, vertical stacking patterns, and form
chronostratigraphically significant boundaries that bound genetically
related strata. The main theme of this chapter is the interpretation of
the depositional history of the Sinnipee Group in eastermn Wisconsin in
relation to those variables. To accomplish this, sequence stratigraphic
approach was adopted, which emphasize the recognition of
chronostratigraphically significant boundaries, and the temporal

evolution of the strata and lithofacies.

Par n n nce: Con nd Definition

Sequence stratigraphy packages genetically related strata
between boijnding discontinuities and their correlative conformities in
a hierarchical order. Thus, application of sequence-stratigraphic
analysis depends on the recognition of a hierarchy of stratal units
including beds, bedsets, parasequences, parasequence sets, and
sequences bounded by chronostratigraphically significant surfaces of
erosion, nondeposition, or their correlative surfaces (Van Wagoner et

al., 1990).
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A parasequence (equivalent to small-scale upward-shallowing
depositional cycle) is defined as a relatively conformable succession of
genetically related beds or bedsets bounded by marine flooding
surfaces or their correlative surfaces separating younger from older
strata across which there is evidence of an abrupt increase in water
depth (Van Wagonér et al., 1990). Parasequence is the basic bUiIding
block of ramp sequences (Burchett and Wright, 1992). Correlation of
marine flooding surfaces allows correlation of synchronous strata
across facies changes from shelf to basin. Such a method allows the
investigator to examine basin evolution in discrete time slices, and
examine both vertical and lateral trends through time and space.

The depositional sequence is defined as a relatively conformable
succession of genetically related strata bounded above and below by
unconformities and their correlative conformities (Vail et al., 1977).

An unconformity is a surface separating younger from older strata,
along which there is evidence of subaerial erosional truncation or
exposure (and, in some areas, correlative submarine erosion), with a
significant hiatus (Posamentier et al., 1988). However, this is a very
restrictive definition because evidence of subaerial exposure can be
removed by/ wave erosion at the shoreline. Therefore in the field,
evidence for subaerial exposure may be inferred (Walker, 1992).

The interaction between eustatic sea-level fluctuation and
subsidence creates space available for potential sediment
accumulation and is referred to as accommodation space (Jervey,
1988), which is controlled by two factors: eustatic change and

tectonics. Water depth involves the integration of a third parameter,
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sediment supply, with eustacy and tectonics (Posamentier et al., 1988)

and the inferred water depth is based on lithofacies interpretation.

2. ANCELL AND SINNIPEE SEQUENCE STRATIGRAPHY
Intr ion

Witzke and Kolata (1989) identified two large scale depositional
cycles in the Ancell and Sinnipee groups in lowa-lllinois: the St. Peter-
Platteville cycle and the Galena cycles. They suggested with
qualitative sea-level curve that each of these is marked by a basal
transgressive episode and displays shallowing upward trend in the
upper part. They also identified four smaller-scale T-R cycles in these
major cycles (Witzke and Kolata, 1989).

Witzke (1993) suggested that lower Platteville (Pecatonica
Member) strata in lowa form a discrete T-R cycle overlain by two to
three cycles of the McGregor Member of same magnitude. The T-R
cycles are 1-10 m in thickness with duration of 0.5-1.5 Ma (Witzke,
1993).

Ross and Ross (1995) presented coastal onlap curves in the
Ordovician North America which shows six major regressive episode
during the Blackriveran to Shermanian stages (Fig. 64). These major
regressions are interpreted to correlate with the top of the Glenwood
(Joachim, 1), top of the Pecatonica (2), top of the Nachusa (3), top of
‘Quimbys Mill (4), to top of the Decorah, (5) and middle Kimmswick (6)
in the lllinois Basin (Fig 64). |

However, the nature and order of the cyclicity particularly in
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relation to eustatic sea level change is not clear and requires further

demonstration. Therefore, identification of depositional sequences in
the Ancell and Sinnipee groups in eastern Wisconsin and interpretation
of the sequences in relation to sea level and climate change, carbonate

growth, and siliciclastic supply is the main subject of this chapter.

Par. ‘ n n nce Evolution

Four depositional sequences are identified from the base of the
Ancell Group (Tippecanoe Sequence boundary) to the top of the Galena
Formation (Table 9; Figs. 65, 66). Table 9 lists the lithofacies
associations with the main characteristics and parasequences and
sequences in the Ancell and Sinnipee groups in eastermn Wisconsin.
Figure 67 shows the interpreted correlation of the sequences and |
parasequences recognized in the Ancell and Sinnipee groups in eastern
Wisconsin to the Ross and Ross's (1995) sea-level curve. Sequence S1
is bounded below by the unconformity (S.B.0) on top of the PDC Group
and above by the minor unconformity (S.B.1) on top of the Pecatonica
Member (Fig. 655. The S.B.0 is an angular and karst unconformity formed
on the PDC Group limestones and sandstones (Fig. 8). This unconformity
represents ébout 15m.y.'s tiine gap between the Sauk Sequence and
Tippecanoe Sequence (Fig. 2; Sloss, 1965). During this long spanof time
the entire north American craton was exposed and weathering, solution,
and erosion began to remove earlier Ordovician carbonates (Dott and
Prothero, 1994). The eolian St. Peter Sandstone filled the paleovalley
formed by the erosion and is interpreted to have been trapped during

the Tippecanoe transgression. Sequence S1 shows the transition from
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Table 9. Lithofacies associations and main lithologic characteristics,

parasequences, and depositional sequences recognized in the Ancell and
Sinnipee groups in eastern Wisconsin. PS: Parasequence; SQ: Sequence.
See table 2 for lithofacies code. ‘
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Characteristics of S.B. 2

*Slightly undulous unconformity
truncating underlying strata
with very low angle

*(Onlap by overlying strata

*Draped by a wide-spread
ferruginous hardground (see
Fig.12)

Characteristics of S.B. 1

*Disconformity with a significant
hiatus

*Irregular thickness variation of
underlying strata

*Onlap by overlying strata

*Draped by a wide-spread
ferruginous hardground (see

Fig.10)

-4——— Ravinement Surface

FIG. 65. Composite section of the St. Peter to Platteville formations in
eastern Wisconsin showing relative sea-level change, and identified
parasequence and sequence boundaries (P.B., S.B.). SWB: storm wave base;
FWB: fair-weather wave base; EXP: exposure. Key in Appendix B, Fig. B-1, 2.
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Fig. 67. Ancell and Sinnipee groups sequence stratigraphy in eastern
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America. Sea-level curve adopted from Ross and Ross (1995).




siliciclastic-dominated St. Peter Formation to carbonate-dominated
Platteville Formation (Table 9; Fig. 65).

Sequence S2 is bounded below by the sequénce boundary S.B.1 and
above by the sequence boundary S.B.2. The S.B.1 corresponds to an
inferred minor unconformity on top of the Pecatonica Member. This
unconformity probably corresponds to the major regression in the
middle Blackriveran in the Ross and Ross's (1995) sea level curves (Fig.
67). Sequence S2 shows a transition from terrigenous clay- and
tempestite-rich bottom to carbonate-dominated top (Table 9; Fig. 65).

Sequence S3 is bounded below by the sequence boundary S.B.2 on
top of the Platteville Formation and above by the sequence boundary
S.B.3 on the top of the Decorah Formation (Fig. 66). The S.B.2 is an
unconformity formed on top of the Platteville Formation, which
corresponds to the prominent regression at the end of Blackriveran (Fig.
67). This unconformity indicates retreat of sea from the Wisconsin
Arch after deposition of the Platteville Formation. Although the retreat
of the sea is related with long-term sea-level fluctuations, a major
uplift of the Wisconsin Arch seems to have taken place after deposition
of the Platteville Formation. In general, the Galena Group strata thin to
the south in lowa and lllinois whereas the Platteville strata thickens
to the south in Wisconsin and lllinois (Witzke and Kolata, 1989, Figs. 3,
4). This is interpreted by Witzke and Kolata (1989) to be indicative of
major structural changes in the Midwest that accompanied the
initiation of the Galena Group deposition. Therefore, the uplift of the
Wisconsin Arch is interpreted as part of the structural changes and

these structural changes are probably related to the Taconic Orogeny to

127




the east. This interpretation is also supported by the abundant volcanic |
ash beds in the Decorah Formation in southwestem Wisconsin derived
from the east (Witzke and Kolata, 1989).

The S.B.3 is a minor unconformity which corresponds to the regression
at the end of Rocklandian (Fig. 67). General upward and southward
decrease in clay content is recognized in sequence S3. Sequence S3 is
relatively thin and pinches out to the north of Jefferson county

(Appendix C).

Sequence S4 is bounded below by the sequence boundary S.B.3 on

top of the Decorah Formation and above by the sequence boundary S.B.4
on the top of the Galena Formation (Fig. 66). The S.B.4 is an
unconformity formed on top of the Galena Formation and this
unconformity is widely recognized in most of North America (Fig. 64).
Sequence S4 shows an overall transition from siliciclastic-dominated
bottom rich in tempestites to carbonate mudstone-dominated upper

part (Table 9; Fig. 66). Also observed in sequence S4 is an increase in

argillaceousness to the north (Appendix C).

Sequence S1

Three parasequences are identified in the sequence S1. The main
lithofacies are laminated sandstone, massive sandstone, shale, sandy
carbonate, skeletal wackestone to packstone, and mudstone in
ascending order (Table 9; Figs. 68, 69). This sequence shows a
transition from the siliciclastic-dominated St. Peter Formation (P1) to
carbonate-dominated Platteville Formation (P2, P3) as marine |

transgression continued over the Wisconsin Arch. A general
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depositional deepening (P1) and shallowing (P2-P3) upward trend is

recognized in the S1 sequence (Fig. 69).

Parasequence P1

Parasequence P1 is bounded below by S.B.0 and above by P.B.1. The
lower portion of the parasequence consists of eolian sandstones of the
St. Peter Formation. It is highly variable in thickness due to the nature
of the unconformity (Fig. 8). The eolian sandstone is bounded above by a
ravinement surface with occasional reworked pebbles derived from the
underlying eolian sandstones (Long, 1988) representing initial marine |
transgression. The upper portion of parasequence P1 consists of the
massive marine sandstone lithofacies. The poorly cemented eolian
sandstones of the St. Peter Formation were subject to wave erosion and
bioturbation during transgression. Parasequence P1 represents initial
transgressive marine deposits over the Wisconsin Arch at the base of
the Tippecanoe sequence.

Long (1988) described trough cross-bedded marine sandstone
lithofacies and subdivided this lithofacies into two sub-facies bounded
by a FCT (fine-to-coarse transition) surface. The lower subfacies is
well sorted, fihe-graihed quartz-arenite whereas the upper sub-facies
is poorly sorted and coarse-grained. He suggested that the poorly
sorted quartz-arenite might have different source other than eolian
debris. In specific, he mentioned that the clay-rich poorly sorted sands
were transported to the south by longshore currents from alluvial
source in the north (Long, 1988; Figs. 70, 71). The FCT surface

terminates to the positive area (Fig. 71). The FCT surface is not
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Time 1
W Maximum Extent of the Erg E
Wyalusing )
State Park Min. Point Mt. Horeb Beloit

Pre-St. Peter Erosion
Type 1 Unconformity
{modified from Mai and Dott, 1985)

Readstown Member.

Time 2

Initial Transgression of the Tippicanoe Sea E
! I I !

Development of
Ravinement Surface
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Fig. 71. Changes in sedimentation in southwestern Wisconsin during
early Glenwood time (Long, 1988). Times 1 to 3 represent diagrammatic
sketches showing the evolution of the uppermost St. Peter to lower
Glenwood strata as sea level rises. Note the onlapping of the FCT
surface. No occurrence of the FCT surface in eastern Wisconsin is
probably due to higher elevation of the sea floor in eastern Wisconsin.
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recognized in the study area probably because of higher elevation of

eastern WiSconsin during Glenwood time.
In eastem Wisconsin, the eolian, laminated sandstone lithofacies

(LS) is overlain by the bioturbated, massive marine sandstone
lithofacies (MS). The massive marine sandstone lithofacies corresponds
to the podrly sorted, coarse-grained quartz arenite of the trough cross-
bedded lithofacies. The ravinement surface is recognized as a jagged
boundary between the two lithofacies (Figs. 28, 69) although the
erosional truncatioh is not clear in most outcrops probably due to
obliteration by bioturbation. The massive sandstone lithofacies (MS)
can be subdivided into poorly-sorted and moderate- to well-sorted
types, and their occurrences show regionally different distribution

(Fig. 68). The well-sorted type probably was deposited in a wave-
agitated environment during initial marine transgression. Gradual
increase in the relative sea level resulted in deposition of the poorly-
sorted type. Both types of the massive sandstone lithofacies correlates
to the poorly sorted, coarse-grained quartz-arenite of Long (1988)
based on the grain size and the Chondrites burrows, and probably had
same source. Therefore, the change from the well-sorted type to the
poorly-sortedv type may represent change in water depth rather than
source change. The restricted occurrence of the poorly-sorted type to

" the south is indicative of higher elevation to the north and shallower

water sediments (Fig. 68).

Parasequence P2

Parasequence P2 is bounded above by P.B.1 and below by P.B.2 (Fig.
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69). P.B.1 is sharp and slightly irregular, and occurs at the base of a

shale or sandy carbonate lithofacies with thin shale laminae rich in
phosphate grains. Parasequence P2 shows a shallowing upward trend
that is interpreted as the progradation of a sandy carbonate cbmplex.

The shale lithofacies in the Glenwood Member represents the
highest relative sea level in the study area during the Ancell time. The
dark brown shale laminae, which is correlated over much of the study
area, is interpreted to represent ‘starved sedimentation during
transgression. The restricted occurrence of the shale lithofacies in the
southeastern study area (Kenosha County) indicates increasing
paleowater depth to the southeast (Fig. 68). In a more shoreward
direction, quartz sands were deposited with minor lime mud
accumulation and gradually prograded offshore as accommodation space
decreased. The vertical succession of P2 shows a gradual increase in
quartz grains above shale followed by a decrease in quartz grains and
increase in carbonate content (Fig. 30). The lime mud production
increased as siliciclastic supply decreased.

Skeletal wackestone to packstone occurs locally in the north in
areas of little siliciclastic input (Fig. 68). Correlation of the skeletal
wackestone to packstone in the north to the sandy dolostone in the
south is based on the observation that the sandy dolostone rapidly pinch
out in short distance (Fig. 6, compare Locality 12 with 14). The
occurrence of the sandy dolostoné seems to depend on the local supply
of the siliciclastics which might be related with the local

hydrodynamic regime.




136
Parasequence P3

Parasequence P3 is bounded below by P.B.2 and above by S.B.1
(Figs. 68, 69). P.B.2 is the lowermost hardground of the hardgrounds
separating the sandy carbonate lithofacies below and the skeletal
wackestone to packstone lithofacies above (Fig. 69). Parasequence P3
consists mostly of ihe skeletal wackestone to packstone lithofacies
overlain by the Type 1 mudstone lithofacies (Fig. 68). The skeletal
grainstone to packstone lithofacies in parasequence P3 is interpreted
to have been deposited in a upper mid-ramp below fair-weather wave
base with a little siliciclastic input.

The lower portion of P3 represents the gradual transition from a
mixed siliciclastic-carbonate tova carbonate-dominated system. This is
interpreted to represent an increase in accommodation space related to
a regional sea level rise (Witzke and Kolata, 1989). The decrease in the
siliciclastic input is evidenced by the upward decrease in sand-sized
quartz grains in this lithofacies.

The upper portion of P3 consists of Type 1 mudstone lithofacies
showing an upward increase in bed thickness (Fig. 15) and a decrease in
clay content. The mudstone lithofacies is interpreted to have been
deposited in a protected environment with open circulation based on
open marine fauna. The wavy, irregular beds truncating underlying beds
in the lower part of the mudstone lithofacies probably indicate |
deposition under intermittent high energy conditions such as migration
of small tidal channels or storm wave erosion in a lagoonal
environment. Overlying mudstone with thicker, planar beds may have

been deposited in a more protected environment. Gradual filling of




accommodation space with lagoonal mudstone resulted in a shallowing
upward trend in parasequence P3.

Overall parasequence P3 shows a shallowing upward depositional
trend in which the upper mid-ramp skeletal wackestone to packstone
lithofacies overlain by the inner-ramp lagoonal mudstone lithofacies.
Reconstruction of this ramp succession based on Walther's law depicts
storm-influenced mid-ramp sediments pass landward into low-energy
inner-ramp sediments without intervening barrier. This differs from
conventional models and can be explained as a consequence of low wave
energy. Similar ramp successions are shown in Parasequence P4 and the
unusual low wave-energy, microtidal, storm-dominated ramp sequences
observed in the sequence S1 and S2 are further discussed in P4.

The common occurrence of the ferruginous hardground along the
lower boundary of P3 (Figs. 6, 69) indicates decreased or inhibited
sedimentation. Long (1988) related the development of the hardground
with a fastest rate of sea-level rise during the Tippecanoe
transgression. The repetitive nature of hardgrounds near the base of P3
is probably related with punctuated inhibited sedimentation during an
overall transgression. The origin of the hardgrounds is further

discussed in Ch. VI.

Sequence S2

The sequence S2 is bounded below by the sequence boundary S.B.1
and above by the sequence boundary S.B.2 (Figs. 72, 73). S.B.1
corresponds to an inferred minor unconformity on top of the Pecatonica

Member. lts recognition is based on:
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(1) the hardground on top of the Pecatonica Member is widely
correlated over much of the Midwest (Templeton and Wiliman,
1963; Byers, 1983; Mossler, 1985; Wilcer, 1989);
(2) the strata above the Dane sub-member (New Glarus, Medusa,
Oglesby), which comprise shallow-water facies, are missing in
eastern Wisconsin (Fig. 12);
(3) the thickness of the Dane sub-member is highly variable
whereas the underlying Chana sub-member and overlying
Mifflin Member show continuous thickening trend to the south
(Fig. 6), indicating possible erosion of the Dane sub-member;
(4) the overlying Mifflin Member appears to show onlapping
relationship to the unconformity surface (Fig. 6).
"The sequence boundary S.B.1 is interpreted to have formed during
relative sea-level fall. Evidence of subaerial exposure is lacking, which
is probably due to wave base erosion during the following transgression
(e.g., Plint, 1988). The hardground developed on the unconformity
surface is interpreted to have formed diachronously in the zone above
FWB by wave-inhibition of sedimentation during transgression (Fig. 74).
Sequence S2 comprises three parasequences, P4, P5, and P6 (Fig.
73). The main lithofacies in this sequence are the nodular carbonate,
mudstone, porous dolostone, and thin-bedded grainstone lithofacies
(Table 9; Fig. 73). Sequence S2 shows a depositional shallowing upward
trend from a mid-ramp setting to a inner ramp setting with minor
relative sea-level fluctuations (Fig. 73). Sequence S2 shows a
transition from terrigenous-rich base to a carbonate-dominated

environment at the top.
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Parasequence P4

Parasequence P4 is bounded below by the sequence boundary S.B.1
and abové by the parasequence boundary P.B.3 (Figs. 72, 73). This
parasequence consists of nodular carbonate, thin-bedded grainstone,
and Type 2 mudstone lithofacies (Figs. 72, 73). Figure 74 shows the
interpreted depositional setting of parasequence P4. Gradual landward
retreat of the shoreface eroded the previous sediments and hardground
developed on the eroded surface above the FWB (Fig. 74). The nodular
carbonate lithofacies was deposited belowlFWB. Intermittent storms
reworked the nodular carbonate and the sediments above FWB and
transported the skeletal grains (Type A bioclasts) from the shoals into
deeper areas. Thin-bedded grainstone lithofacies were deposited in the
mid-ramp (Fig. 74). The interpreted skeletal shoals developed during
the transgression were probably small and relatively less-cemented
because shoreface retreat inhibited large skeletal shoals to form. Thus
those skeletal shoals were transient and were not preserved in most
transgressive sediments.

A generally shallowing upward trend is recognized in this
parasequence based on gradual upward increase in grainstone beds (Fig.
72). The upWard increase in the grainstone beds and general upward
decrease in the clay content suggest a shallowing upward trend as
sediments prograded. Mudstone lithofacies (Type 2) caps parasequence
P4 (Fig. 73) and is interpreted to have been deposited in a protected and
possibly restricted environment based on the scarceness of fauna,
bioturbation, and sedimentary structures. The restriction and

deposition of the mudstone lithofacies is interpreted to occur as
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accommodation space as well as the energy of the ramp decreased.

Parasequence P4 is unusual in that high-energy shallow-water
shoals are not observed in this regressive succession in spite of the
storm beds observed in the lower to middle part of the parasequence.
These unusual ramp successions observed in parasequence P4 as well
as in P3 are attributed to an unusual unusual hydraulic conditions due
to low-wave energy in the shoreface during deposition of S1 and S2
sequences. |t is speculated that incoming oceanic waves looses their
energy gradually over wide area in the broad epeiric sea. A barrier is
not required tb separate lagoonal and shoreface sediments in a setting
where wave and tide energy are low (Fairchild‘and Herrington, 1989).
The sedimentary record of parasequence P4 clearly indicates that the
power of storms must have decreaéed landward, so that the leading
margin of the lagoon must have been sufficiently shallow to absorb
much of the wave energy. Fairchild and Herrington (1989) and Fairchild
(1989) have described an unusual low-wave energy, microtidal, storm-
dominated ramp from the upper Proterozoic of Greenland and Scotland.
This regime generated a succession lacking near-shore shoal belts, so
that low-enérgy, storm-influenced mid-ramp deposits passed landward
into inner rahp stromatolitic and evaporitic lagoons via a zone of
storm-reworked sediments rich in intraclastic grainstone beds
(Fairchild and Herrington, 1989).

The prominent hardground on top of P4 is interpreted to represent
longer duration of non-deposition during transgressive period. This
interpretation is based on that the hardground is very prominent formed

on a parasequence boundary and that this hardground is correlated

143




widely over the study area (Fig. 6).

Parasequences P5

Parasequence P5 is bounded below by P.B.3 and above by P.B.4. The
P.B.3 is a prominent hardground, but sometimes the hardground is
missing and the P.B.3 is gradational being identified by a rapid increase
in the degree of bioturbation. Parasequence P5 consists mainly of
mudstone lithofacies (Type 2). The mudstone lithofacies is subdivided
into two types: the dark gray, slightly to moderately argillaceous,
strongly bioturbated mudstone, and the light purplish gray,
argillaceous-free to slightly argillaceous mudstone sublithofacies. The
strongly bioturbated, dark gray mudstone is interpreted to have been
deposited in deeper water settings during transgression that enabled
open circulation and slower rates of sedimentation. This interpretation .
is based on the wide-correlation of the dark gray mudstone over the
study area, which is the characteristics of transgressive deposits (Fig.
72). The high degree bioturbation is related to more frequent animal
activity due to open circulation and/or decreased sedimentation rate.
The light purplish brbwn mudstone lithofacies was deposited in a
shallower, lower energy and restricted environment during times of
lower accommodation space.

Parasequence P5 shows a shallowing upward trend from the
relatively thin, dark gray mudstone at the base to the overlying thicker,

light purplish brown mudstone (Fig. 73). The light purplish brown

mudstone represents gradual lowering of relative sea level as the

carbonate sediments gradually fill the accommodation space. The




shallowing upward trend resulted from the progradation of the light
purplish brown mudstone over the dark gray mudstone. The
progradational nature of the light purplish brown mudstone is well
documented in the intertonguing of dark gray mudstone with light
purplish brown mudstone in the southeast (Fig. 72). The intertonguing
and basinward shifting of dark gray mudstone (Fig. 72) are suggestive

of a composite parasequence basinward.

Parasequence P6

Parasequence P6 is bounded below by P.B.4 and above by S.B.2
(Figs. 72, 73). The base of P6 is identified by a gradual but rapid
_increase in bioturbation (Fig. 73). Parasequence P6 consists of a
relatively thin, dark gray strongly bioturbated mudstone lithofacies
overlain by porous dolostone lithofacies (Figs. 72, 73). Parasequence P6
shows a shallowing upward trend beginning with the dark gray
mudstone (Fig. 73). The strongly bioturbated mudstone at the base is
analogous to the dark gray, strongly bioturbated mudstone at the base
of P5, and is interpreted as deep-water mudstone. The porous dolostone
is interpreted to have been deposited in a open marine environment
based on the diverse open marine fauna and the sedimentary structures

formed by storm processes.

Sequence S3
The sequence S3 is bounded below by the sequence boundary S.B.2
and above by the sequence boundary S.B.3 (Fig. 66). S.B.2 is an erosional

unconformity formed on top of sequence S2 with erosional relief of up
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to 10's cms (Fig. 20). After deposition of sequence S2 the sea gradually

retreated from eastern Wisconsin maybe due to uplift of the Wisconsin.

~ Erosion of the uppermost S2 sequence continued until sequence S3 or
S4 began to deposit as the sea gradually transgressed again. Therefore,
S.B.2 represents considerable amount of time (Rocklandian; Fig. 67) in
eastern Wisconsin particularly where lacks sequence S3 in the north.

S3 consists mostly of thin-bedded skeletal grainstone beds with
thin argillaceous partings. They are interpreted to have been deposited
in a upper mid-ramp under the influence of frequent storm events.
Upward coarsening and decrease in clay content are recognized in this
sequence (Fig. 66). A gradual transgression followed by depositional
shallowing is observed in the Decorah Formation in southwest
Wisconsin by Witzke and Kolata (1989). They suggested that gradual
upward decrease in the clay content in the Decorah Formation
represents continuous foundering of the siliciclastic source, with the
maximum flooding coincident with deposition of the lower Guttenberg
Member which is overlain by regressive skeletal wackestone and
grainstone to packstone of the upper’Guttenberg Member. Sequence S3
only occur south of the Dodge County and pinches out to the north
(Appendix C). The pinching out of S3 to the north is interpreted as
having been caused by erosion before deposition of sequence S4. The
prominent hardground on top of the S3 is interpreted to have formed
diachronously during renewed transgression same as the hardground on
S.B.1 (Fig. 74). |




Sequence S4
Sequence S4 is bounded below by the sequence boundary S.B.2 on
top of sequence S2 or by the sequence boundary S.B.3 on top of sequence
S3, and is bounded above by the sequence boundary S.B.4 (Appendix C).
The S.B.3 is interpreted to be an unconformity based on the following:
(1) the hardground formed on S.B.3 is widely correlated over much
over Wisconsin;
(2) sequence S3 thins out to the north in the study area, and S.B.3
merges with S.B.2 in north Jefferson County;
(3) sequence S3 is interpreted to have been deposited in a
subtidal zone below FWB but does not have laterally equivalent
shallower facies, indicating truncation of this unit;
(4) the overlying unit, lowermost S4 sequence shows abrupt
increase in clay content particularly in the north.
Truncation of the Guttenberg Member (S3) beneath the Dunleith Member
(S4) is also reported in eastern Missouri and adjacent lllinois (Kolata
et al., 1986, p. 24). Witzke and Kolata (1989) suggested that the area
around the Ozark Dome was subaerially exposed at that time. Thus,
post-Decorah sea level lowering was probably of interregional scale
(Ross and Ross, 1995; Fig. 64). The S.B.4 is an unconformity formed on
top of sequence S4. Although the upper contact of sequence S4 is not
observed in outcrop, significant erosion before deposition of the
overlying Maquoketa Formation is indicated in the cores extracted from
southeast Wisconsin by the irregular thickness variation of the
uppermost lithostratigraphic unit of sequence S4, the Dubuque Member

(Appendix C). The absence of the Dubuque Member in northeastern
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Wisconsin also support this conclusion (Moretti, 1971; LoDuca, 1988).

The main lithofacies in sequence S4 are the thin-bedded
grainstone (Type 2, 3), shale, porous dolostone, skeletal wackestone to
packstone (Type 2), mudstone (Type 3), and crinoidal wackestone
lithofacies (Table 9; Fig. 66). The carbonate platform during sequence
S4 in eastern Wisconsin seems to have been a ramp with a very gentle
slope ina broad open shelf than during the lower sequences based on
lack of lateral facies change except the northward increase in clay
content over the study area (Appendix C). In general, sequence S4 shows
an upward deepening depositional trend with decrease in clay content
(Appendix C). Witzke and Kolata (1989) interpreted the gradual upward
decrease in the clay content in the Galena Group (corresponds to S3-54)
in lowa and lllinois to have resulted from marine transgression over
the source area, the Transcontinental Arch. Although the upward
decrease in clay content fits fairly well with general upward deepening
trend in sequence S4, it can also be explained by the gradual change in
climate. The climate encompass many factors such as humidity, which
controls source area weathering, and amount of fluvial water runoff.
These factors controls the siliciclastic input into the depositional site.
Therefore, the gradual cooling trend accompanying with aridity during
sequence S4 could result in the gradual upward decrease in clay content
in sequence S4 . Frequent interbedding of argillacedus and carbonate
beds may aiso be explained by climatic change rather than by the sea-
level change.

Detailed facies correlation for sequence S4 is very difficult due

to lack of continuous outcrop and very gradational vertical changes in
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lithology. However, three parasequences are recognized in sequence S4

based on the vertical changes in the identified or inferred textures,

clay content, and hardground occurrences (Table 9; Fig. 66).

Parasequence P7

Parasequence P7 is bounded below by the sequence boundary S.B.3
or S.B.2 and above by P.B.5 (Fig. 66). The main lithofacies in P7 are the
thin-bedded grainstone (Type 2) and shale lithofacies (Fig. 66). During
the deposition of P7, much of eastem Wisconsin was provided with
terrigenous clay except the south. The siliciclastics were transported
from the north, which is indicated by northward increase in the clay
content without change in texture within the same stratigraphic
interval. This clay was deposited below FWB and the amount of the
input of the clay varied temporally or possibly seasonally. This
increased siliciclastic supply resulted in decrease in lime-mud
production, which leaded to more skeletal-dominated composition in
the carbonate sedimehts. Frequent storm events reworked the
sediments and transported the skeletal sediments into the upper mid-
ramp from the inner ramp. During fair-weather condition, deposition of
clay and bioturbation prevailed.

Parasequence P7 shows upward decrease in clay content with
accompanying increase in hardground occurrences. This negative
correlation is also observed laterally with decrease in clay content to
the south with accompanying increase in hardground abundance
(Appendix C). This is interpfeted as the result of easiness of early

cementation of carbonate rocks.




Pafasequence P8

Parasequence P8 is bounded above by P.B.5 and below by P.B.6 (Fig.

66). P.B.5 is a sharp to gradational boundary above which there is
noticeable decrease in clay content and changes in texture. P.B.6is a
gradational boundary, and corresponds to the top of the upper Dunleith
sub-member above which hardgroundé are scarce. Parasequence P8
consists of the porous dolostone, skeletal wackestone, mudstone, and
thin-bedded grainstone lithofacies. A general lower mid-ramp setting
is interpreted for this parasequence. P8 shows transitional phase from
the siliciclastic-dominated sétting of P7 to carbonate-dominated
setting of P9, which is indicated by abundant interbedding of the
argillaceous beds and carbonate beds. It generally shows a shallowing
upward depositional succession with upward increase in grainstone
beds (Fig. 66).

P8 is characterized by numerous, repetitive hardgrounds (Fig. 66).
It is speculated that the particular abundance of hardgrounds in
sequence S4 is related to general cooling trend in late Ordovician. The

origin of the hardgrounds is discussed in Chapter VL

Parasequence P9

The parasequence P9 is bounded below by P.B.6 and above by P.B.7
(Fig. 66). P.B.6 is a gradational boundary above which hardgrounds are
scarce and is characterized by mudstone lithofacies. The main
lithofacies in this parasequence are the mudstone, skeletal wackestone

to packstone, and porous dolostone lithofacies. A lower mid-ramp
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setting is interpreted for the deposition of parasequence PS.

Parasequence P9 is carbonate-dominated and generally shows a
shallowing upward depositional succession with upward increase in

grainstone beds (Fig. 66).

Parasequence P10

~ The parasequence P10 is bounded below by P.B.7 and above by the
sequence boundary S.B.4 (Fig. 66). The lithological change from
parasequence P9 to parasequence P10 is gradual so identification of
P.B.7 is mainly based on the hardgfound occurrences as well as texture.
The main lithofacies in this parasequence are the skeletal wackestone,
mudstone, and crinoidal wackestone lithofacies. A lower mid-ramp
setting is interpreted for the deposition of parasequence PS.

P10 shows a shallowing upward sequence from mudstone-
dominated base to crinoidal wackestone-dominated top. There is a
general upward increase in dark brown shaly partings and it may
indicate an increase in clastic influx before truncation of the

succession.

Summary

@ﬂer long span of exposure of the entire north American craton,
deposition of sequence S1 represents transition from eolian to marine
siliciclastic sediments of St. Peter Formation to marine carbonate
deposits of Platteville Formation. Sequence S1 shows basal
transgressive deposits followed by shallowing upward succession, in

which the maximum marine flooding is represented by the deposition of
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the shale lithofacies in P2. Parasequence P1 represents initial

transgressive deposits of sequence S1 and filled the topography formed
on top of Prairie du Chien Group. P2 represents initiation of carbonate
deposition and shows landward stepping geometry. P3 records a main
phase of carbonate deposition shutting off siliciclastic input in eastern
Wisconsin and shows seaward stepping succession. The strata above P3
found elsewhere are missing in eastern Wisconsin. This is interpreted

as the result of non-deposition and/or at least partly by the erosion

during S.B.1 before the deposition of the overlying strata.

After formation of S.B.1, marine condition transgressed again
over the Wisconsin Arch. The rapid transgression resulted in the
development of the widespread hardground on the unconformity surface.
The depositional sequence S2 shows a general shallowing upward trend.
P4 shows onlapping relationship onto the S.B.1, thinning out to the
north. P5 and P6 show relatively constant thickness but gradual
thinning of P6 is inferred based on the northward truncation of
uppermost strata of P6.

After deposition of sequence Sé the sea gradually retreated from
the eastern Wisconsin and formed the sequence boundary S.B.2. The
unconformify was enhanced by the uplift of the Wisconsin Arch. The
prominent hardground on S.B.2 is widely correlated over much of the
Midwest, and it is interpreted to have formed during transgressive
period after erosion of the uppermost S2 sequence. Sequence S3 onlaps
to the north.

A relatively short duration of regression is inferred after

deposition of sequence S3 with formation of S.B.3. Sequence S4 shows a




overall deepening upward succession. S4 show gradual upward
transition from siliciclastic-dominated settings to carbonate-
dominated settings. P7 to P9 show almost constant thickness over the
study area. The thickness change in P10 is interpreted as due to erosion
before deposition of the Maquoketa Formation.

Each sequence shows gradual transition from a basal
siliciclastic-dominated setting to an upper carbonate-dominated
setting. The strata above the sequence boundaries are always
characterized by relatively high amount of siliciclastic sediments. This
correspondence may be related to long-term changes in accommodation
space in which periodic lowering of relative sea level controlled
siliciclastic supply. However, the relation of the relative sea-level
fluctuation with eustacy is not clear although the sequence boundaries
are correlated over much of the north American continent. Tectonic
pulses related to Taconic Orogeny were probably also involved in the
sea-level fluctuation.

S1-S3 sequences show shallowing upward successidn with or
without basal transgressive deposits. Overall deepening upward trend
in sequence S4 is probably due to low carbonate production rate related
to the generél cooling trend during sequence S4. The gradual upward
decrease in clay content in sequence S4 is also explained by gradual
decrease in intensity of source area weathering in cooler climate
which controls terrigenous clay input. The changes in the clay content
observed in smaller scales such as parasequehces and beds seem to be
better explained with changing climate controlling terrigenous influx

than with cyclic changes in relative sea level. Therefore, changes in
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climate as well as long-term changes in accommodation space probably

had important role in the siliciclastic supply.

One of main characteristics of sequence S4 is the numerous
hardgrounds. The particular abundance of hardgrounds in the Galena
Formation is probably related to the general cooling trend in late
Ordovician. The dominant skeletal lithology, fauna, and lack of
composite grains and reef structure in the Galena Formation also
support probable temperate climate in Galer)a time. The paleoclimate
and the origin of the hardgrounds in relation to Milankovitch cycle are

discussed next and requires further study for verification.




VI. FURTHER STUDY

This thesis concentrated mainly on description and interpretation
of the Sinnipee Group in terms of stratigraphic recognition and
sedimentologic interpretation. Special emphasis is in the sequence
framework and the interpretation in terms of variations in
accommodation space, sediment supply, and tectonics. There are
several research areas of interest in the Sinnipee Group, which
requires further study: the climate of the Caradocian Age, which
greatly influenced the deposition of the Sinnipee Group carbonates, and
the origin of the abundant ferruginous hardgrounds developed in the
Sinnipee Group. These research problems seem to be closely related
with each other as well as to the stratigraphic evolution. Outline of
current research problems in the Sinnipee Group, preliminary

description, and interpretation are summarized next.

1. LATE ORDOVICIAN (GLOBAL STANDARD) CLIMATE

Introduction”
There is a common agreement among researchers on a glaciation

in the latest Ordovician (late Ashgillian), but there has been much
controversy on the timing and duration. Paleoclimate work in the
Ordovician has concentrated in the distribution and advance of glacial
deposits and variation in fauna, and in stable isotopic data. |
Through the Phanerozoic time, long term secular climatic changes

are recognized. These secular changes are thought to be caused by
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changing CO2 content of atmosphere in relation to tectonic activity.

Although the carbon cycle may be the most important factor
responsible for the long-term evolution of climate in the Phanerozoic,
regional and seasonal changes in climate related to internal

distribution and storage as a result of, e.g., oceanic circulation,

changes in land-sea distribution, opening and closing of ocean
gateways, etc., alsb important in climéte changes during the
Phanerozoic (Frakes et al., 1992). Most early Paleozoic glaciations
appear to have occurred in response to movement of continents over the
pole (Frakes et al., 1992). Paleomagnetic and biogeographic study
reveals that the southem pole was centered on N. Africa during the Late
Ordovician which could have potential for continental glaciation
(Scotese et al., 1979; Van der Voo, 1988).

Phanerozoic climate is divided into greenhouse periods which are
characterized by generally higher CO2 levels and warmer climate, and
icehouse periods characterized by the presence of major continental
glaciers and steep latitudinal temperature gradient (Fischer and
Authur, 1977). Fischer (1981) assigned a global greenhouse period to
the time from Late Cambrian to Early Carboniferous considering the
Late Ordoviéian glaciation to be a relatively short icehouse period.
Hambrey (1985) suggested that the glaciation spanned only 1 to 2 m.y.
in the latest Ordovician (late Ashgillian) based on the paleontological
and sea-level evidence. McKerrow (1979) draw attention to depth-
related brachiopod-dominated benthic communities indicative of sea-
level change, and collected data from several stable continents. He

suggested that a eustatic sea-level fall, spanning less than 1-3 m.y.,
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occurred and related it to the ice cap in Gondwanaland. Dark organic-

rich shales are a prominent feature of early Paleozoic sedimentation
and appear to coincide with warm Phanerozoic climates (Fisher and
Arthur, 1977). The concentration of abundant black shales in European
sequences is delineated as being in the Caradocian Age (Leggett et al,
1981; Thickpenny and Leggett, 1987).

However, Frakes et al. (1992) considered a much longer cool
climatic mode lasting about 35 m.y. starting in the Caradocian,
intensifying in the Ashgillian (latest Ordovician), and waning in the
Wenlockian (Early Silurian). The evidence for continental glaciation
starting in the Caradocian is that Caradocian marine fossils have been
reported from low levels in the glacial sequence in N. Africa (Hambrey,
1985). They also noted that correlation of organic shales with climates
is not satisfactory on a fine scale, although many times of extensive
organic shale accumulation appear to coincide with warm Phanerozoic
climates. ' -

Brass et al. (1982) presented stable isotopic data indicating that
oceanic bottom water was much warmer in the geological past. Théy
suggested that changes in the size and configuration of marginal seas
in net evapdration zones due to plate motions and eustatic sea level
change caused these seas to become sources of warm saline bottom
water (WSBW). They also interpreted the abundant occurrence of
ancient black shales as being the result of WSBW illustrating that the
increased temperature of WSBW at its source would reduce
concentration of dissolved gases in the source water.

Brenchley et al. (1994) used oxygen and carbon stable isotopes to
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suggest that major glaciation in the Late Ordovician should be confined
to the late Ashgillian (latest Ordovician), spanning 0.5-1 m.y.. They also
disputed Frakes et al's (1992) timing of glaciation using Spjeldnaes’
(1981) work in which he interpreted the faunas reported from the
glacial sequence in Saharan Africa as being in clasts derived from the
pre-glacial sequence. Their work illustrates that the Caradocian ocean

seem to have been warm.

Preliminary Results and Di sion

Data gathered from the Caradocian Sinnipee Group carbonate
indicate that these rock units must have been deposited in a temperate
sea, although they were deposited within the equatorial belt (Fig. 3).
The criteria indicating cool-water temperature are as follows:

1) The fauna is restricted to brachiopods, bryozoans, crinoids,
trilobites, and mollusks
2) Reef structure are absent despite the common reef-forming

organisms in Late Ordovician (James and Bourque, 1992)

3) Non-skeletal vgrains such as ooids and pellets are absent to rare.

In the ’Platteville Formation, however, peloid-like grains are

observed although their identity are not certain due to

dolomitization.

The criteria listed above are characteristics of cool water
carbonates (Nelson et al., 1982; James, 1990). Carannante et al. (1988)
studied major skeletal components in Recent and Miocene carbonates
and distinguished four types of carbonate lithofacies the distribution

of which is primarily related to latitude and depth which control water
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CARBONATE SHELF ZONATION
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Fig. 75. General carbonate lithofacies model showing trends in the
distribution of chlorozoan, chloralgal, rhodalgal and molechfor
sediments, according to variations in latitude, water depth and other
environmental factors (e.g., upwelling, currents, river discharge). From
Carannante et al. (1988).
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temperature (Table 10; Fig. 75). According to their classification the

dominant faunal associations in the Sinnipee Group (bryozoans,
echinoderms, mollusks and lack of green algae) correspond to Rhodalgal
to Molechfor facies (Table 10), although the biota such as foraminifers,
bamacles, serpulids, and fed algae was absent to rare during Paleozoic.
However, other factors such as cold water upwelling, river discharge,
suspended sediments, and substrate also play a fundamental role on the
distribution of the four types of lithofacies (Carannante et al., 1988).

In the Sinnipee Group, there are some indirect evidences implying
that there has been composited-eustasy during deposition. The
following stratigraphic record might be related to the Milankovitch
frequency band:

1) Decimeter- to meter-scale cyclic changes in clay content are
shown particularly well in the middle Galena Formation.
2) Repetitive occurrences of hardgrounds in 5-20 cm intervals in the

Galena Formation are frequent and fall within the Milankovitch

band (Byers and Geary, 1993).

Therefore, it appears to be a discrepancy between the rock data
from the Galena Formation (cool ocean waters, high-frequency
cyclicity) and the paleogeographic data (warrh oceans, no icecaps).
Railsback et al. (1990) applied Brass et al.'s (1982) idea and presented
interesting stable isotope model of the Late Ordovician ocean.

Railsback et al. (1990) indicate that the Ordovician near-surface or
intermediate waters had relatively low temperatures (13-19°C) and
low salinities whereas deeper waters were warmer and more saline

(28-38°C). They suggested that both the water temperature and
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A. MODERN ATLANTIC OCEAN
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Fig. 76. A. Schematic north-south cross-section of modern Atlantic Ocean
showing circulation of major deep water masses. Cold water masses
(North Atlantic deep water, NADW and Antarctic bottom water, AABW)
form at high latitudes and sink to dominate deep oceans: minor saline
water mass (Mediterranean intermediate water, MIW) forms at low
latitudes. B. Hypothesized circulation in Ordovician oceans. Warm saline
deep water masses (WSDW) formed at low latitudes and sank to dominate
deep oceans; minor cold water masses (that is, polar intermediate water,
PIW) formed at high latitudes. Therefore, the oceans were salinity
stratified with increasing water temperature as water depth increased.

. From Railsback et al., 1990.




salinities increased with depth (Fig. 76) and that circulation of cool,
polar waters onto the North American craton may also explain the
‘temperate appearance of Caradocian faunas', despite their deposition
in a tropical paleogeographic setting.

Taking in consideration all the studies listed above and the data
from the Platteville and Galena formations, it is suggested that in the
Caradocian, the influence of cool waters from the southem pole, on the
shallow water temperature in low latitudes increased. The early
Caradocian Platteville Formation (Blackriveran Stage, Fig. 2) seems to
have been under warmer waters than the late Caradocian Galena
Formation. Although the dominant faunal characteristics of the
Platteville Formation are similar to those of the Galena Formation
above, the relatively abundant micrite and pelletal composition of the
Platteville Formation suggest that temperate-water interpretation of
the Blackriveran-aged strata located in low latitudes is equivocal (e.g.,
Brookfield, 1988). The dominant micritic and pelletal composition of
the Platteville and equivalent strata is reported in Minnesota (Mossler,
1985), Indiana (Wilcer, 1989), and Ohio (Stith, 1989). Bakush (1985)
reported occurrence of peloids in the Galena Group in the Upper
Mississippi Valley although the identity of the peloids as true peliets
is equivocal. |

Lavoie (1995) reported a temperate-water carbonate ramp in
Canada which was iocated in the same latitude and have same age as
the Galena Formation in Wisconsin. He suggested that the temperate-
water carbonate deposition occurred in spite of low latitudinal setting

in the late Caradocian is due to the contraction of warm water belt
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resulting in increased input of cold oceanic currents from the southemn

pole. He also disputed Brookfield's (1988) temperate-water
interpretation of the Blackriveran-aged strata. Whether the cause of

cold water influence is the contraction of the warm water belt at the
equator or southward movement of the continents, the late Caradocian
carbonate sediments seem to have been deposited in a temperate water
environments unless there were other factors such as cold water
upwelling, reduced salinity, increased siliciclastic inputs that could

cause shallow-water low-latitudinal carbonate sediments to resemble

the physical and faunal characteristics of mid-latitudinal carbonates.

§gmmg!y

The late Caradocian sea in North American craton is inferred to
have been salinity stratified and characterized by temperate shallow
waters resulting in deposition of skeletal carbonates of cool water
fauna and by warm deeper waters resulting in black shale deposition in
the basin. The Galena Formation, which correspond to the late
Caradocian Age, shows the typical characteristics of a temperate
carbonate mentioned above. However, general warmer conditions are
inferred to héve prevailed during deposition of the Platteville
Formation. Therefore, although major glaciation during the Late
Ordovician should be confined to the late Ashgillian Age as indicated by
isotopic studies, general cooling trend is interpreted to have existed
during deposition of the Sinnipee Group. The previously mentioned
debate among the researchers on the timing of the Late Ordovician

glaciation could be matter of, at least partly, size of glaciers existed
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during Caradocian.

Methodol
Simple analogy with present temperate ocean only based on

faunal assemblage in phylum level is controversial because the
dominant biota of the Paleozoic ocean in subtidal environments were
similar to the assemblage of present cool ocean. Therefore, close
comparison with other areas in different paleolatitude in the
Caradocian Age is necessary to support the conclusion. Stable isotope
study in the undolomitized area will be also good supporting evidence.
The particular abundance of hardgrounds in the Galena Formation
is interpreted to be related to climate, although various factors such
as sea-level fluctuation, siliciclastic supply, and other physical,
chemical changes in the depositional environment controlling
sedimentation rate and early cementation are related to hardground
development. Detailed stratigraphic measuring of hardgrounds and
analysis of the data to filter out other factors will show the possible

relationship of the hardground occurrence and climate.

2. ORIGIN OF HARDGROUNDS

Introduction
Hardgrounds are synsedimentary lithified sea floors (Dathe,

1987). The term ‘hardground' is widely used for horizons in marine
limestones which show evidence of exposure on the sea floor as

lithified rock (Kennedy and Garrison, 1975). They are the result of a
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process (early cement precipitation) which occurs when a number of

physical and chemical requirements, such as stable grain to grain
contacts and a continuing supply of dissolved cement, are satisfied.
Once a seafloor has been partially or completely lithified, it may be
subject to physical, chemical, and biological erosion. Depending on the
types of erosion, Dathe (1987) distinguished two types of hardgrounds:
1) Abraded surfaces: surfaces in which some sediment was removed

(eroded) by traction-current loads.

2) Corrosion surfaces: surfaces in which chemical corrosion of the
surfaces was the dominant process.

Previous work in Recent and ancient sedimentary sequences has
demonstrated that hardground or potential hardground formation can
occur over a wide range of depths and latitudes (Purser, 1969; Kennedy
and Garrison, 1975; Brett and Brookfield, 1984; James and Bone, 1994).

Hardgrounds are globally abundant in the Middle to Late
Ordovician, possibly because of peculiarities of ocean-water
chemistry, coupled with still relatively minor bioturbation of
sediments (Wilkinson et al., 1982). Thus the Middle Ordovician
carbonate strata containing hardgrounds are studied and reported by
many authors (Prokopovich, 1955; Palmer, 1982; Wilkinson et al., 1982;
Delgado, 1983a; Brett and Brookfield, 1984). While most of authors
related the early cemented nature of those hardgrounds to relative sea
level change (Prokopovich, 1955; Wilkinson et al., 1982; Byers and
Geary, 1993), Brett and Brookfield (1984) suggested that they are not
obviously related with sea level changes, noting the rapidly developed

nature of the hardgrounds.
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One of the most interesting characteristics of the Middle

Ordovician Sinnipee Group is numerous, repetitive occurrences of Fe-
mineralized hardgrounds patticularly in the Galena Formation. Since the
primary work on the hardgrounds by Stauffer (1925), little work has
been done to reveal the origin and nature of the hardgrounds occurring
in the Sinnipee Group. Prokopovich (1955) worked on the hardgrounds of
the Sinnipee Group in Minnesota and suggested that the corfosion zones
are developed by non-sedimentation associated to wave action or
bottom currents such as turbidity currents. Delgado (1983a) described

| and interpreted the Galena hardgrounds, and proposed that the
hardgrounds in the Galena Formation are not “corrosion surfaces”
because the pits and dovetails in the Galena hardgrounds are not the
result of chemical erosion, rather they are burrows formed before pre-
lithification and borings.

Byers and Geary (1993) proposed a hypothesis that the repetitive
occurrences of hardgrounds in the Galena Formation in northem
Mississippi Valley are resulted from shoaling events that brought the
seafloor within reach of fair-weather wave base, preventing further
accumulation of carbonate mud, and cementing the sediment-water
interface. They also related the repetitive occurrences of the
hardgrounds to the periodicity of Milankovitch cycle, suggesting an
estimation of average duration of intervals between hardgrounds of

approximately 47,000 years.

Description of the Hardaround

Numerous hardgrounds are observed in the Sinnipee Group and they
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are particularly abundant in the Galena Formation (Fig. 23). The early

cemented nature of the hardgrounds is evident by the common
occurrence of 1-2 mm-wide borings on top of hardground surfaces. (Fig.
77). The hardground surfaces are broWnish red on weathered surfaces
while black on fresh outcrop. The black staining is due to pyrite which
is oxidized to hematite and limonite to produce brownish red color on
weathered surfaces (Fig. 77). Most of the hardgrounds are prominent
with iron-mineral staining, but some of them are easily overlooked due
to lack of or obscure staining. There is a complete spectrum of
hardgrounds in terms of the prominence. Some hardgrounds are
encrusted with very thin (0.1-0.3 mm) phosphorite layers which
generally occupy ihe outmost zone of the hardground (Fig. 78). Pyrite
crystals are disseminated with gradually decreasing concentration
from the hardground surfaces downward into the sediments and upward
into the phosphorite layers (Fig. 78). The pyrite crystals are 0.01-0.1
mm in size and shows euhedral to subhedral shapes (Fig. 78).
Sometimes, terrigenous silts are concentrated at the hardground
surfaces. |

Almost all of the hardgrounds surfaces are irregular with 1-3 cm
relief due to bioturbation by Thalassinoides burrows, which formed
before the hardground development. Even when the other parts of the
strata containing hardgrounds lack Thalassinoides burrows, they |
always appear on the hardgrounds. The Thalassinoides burrows are 1-2
cm in diameter, showing irregular surfaces. Some hardground surfaces
are flat but truncation of the Thalassinoides burrows are not clear due

to dolomitization. The inside of the burrows are filled with overlying
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Fig. 77. Plain view of the hardground on top of the Platteville Formation showing the
hardground stained by pyrite and oxidized products of the pyrite - hematite and limonite.
Note 1-3 mm-wide borings. Coin for scale is 2.5 cm long. Watertown Qr., Locality 2.

Fig. 78. Photomicrograph of a hardground showing pyrite (black) and phosphorite (yellow).
The Photo was taken from the roof of a Thalassinoides burrow. The lower portion composed
of dolomite is inside of the burrow. This indicate that the phosphorite layers were
precipitated, not deposited. Scale bar is 0.5 mm long. From the uppermost GAL 1. Locality
RA [U.W.1896/24].




sediments. The burrow walls are also stained dark due to |
mineralization of pyrite and phosphorite (Fig. 78).

In general, most of the hardgrounds are developed on bioclastic
wackestone to grainstones, but hardgrounds formed on mudstones are
not uncommon. Overlying the hardground surfaces are generally finer
grained mudstone to wackestones, however, grainstones with black
pebbles floating in a bioclastic calcarenite matrix are not uncommon.
The black pebbles are thought to have derived from the underlying
hardground. Interestingly, many of the bioclasts of sand size are also
stained by pyrite, which results in the appearance of black spots in the
grainstone beds.

Description of faunal communities on the hardground surfaces are
not established due to scarceness of exposed bedding plains on which
the hardgrounds developed. However, abundant crinoids and bryozoans
are observed attached to the hardground surface on top of the
Platteville Formation.

The hardgrounds are laterally extensive at outcrop scale. but the
use as a tool in regional correlation of individual hardgrounds is
doubtful except some prominent hardgrounds which bound lithologic
units includihg members and formations. Correlation between outcrops
of hardground bundles is fairly useful, however. (Appendix C).

The relative abundance of the hardgrounds in the Sinnipee Group
are plotted on a curve to see the relationship with inferred water depth
(Fig. 79). Most of the hardgrounds in the Glenwood Member and the
Platteville Formation occur on the mudstone to wackestone lithologies

and show good correlation with interpreted trends from deeper-water
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to shallow-water facies (Fig. 79). The Galena hardgrounds occur much

more frequently than in the Platteville Formation and indiscriminately
on wackestone to grainstone lithologies. The thickness of sediments
between hardgrounds in the Galena Formation ranges 3-50 cm, most of
them 5-20 cm in the zones of abundant hardgrounds (Fig. 80, HB). Figure
80 shows a Fischer plot of the Sinnipee Group hardgroUnds. Closely
spaced hardgrounds form steep areas (HB1-9). It shows that
hardgrounds are more frequent in the lower part.of each sequence than
the upper part. Figure 81 compares the Sinnipee Group hardgrounds with
clay content, bioturbation, and storm bed abundance. Hardground
abundance is negatively correlated to clay content the hardgrounds
being more abundant in the intervals of argillaceous-free lithology,
particularly in the Galena Formation. Degree of bioturbation in Fig. 81
does not show correlative relationship with hardgrounds, but the
occurrence of Thalassinoides burrows in every individual hardgrounds
indicate strong positive correlation with bioturbation by
Thalassinoides . However, abundant Thalassinoides bioturbation
throughout P9 suggests that the positive correlation could be
attributed to the easier recognition of the Thalassinoides burrows at
the hardgroimds due to pyrite staining. Individual storm beds does not
show any direct correlation to hardground occurrences (Fig. 81). The
occurrence of receptaculites shows a strong negative correlation to the
hardground frequency (Fig. 81). This indicate the possible climate
control on the hardground'developme'nt because receptaculites

occurrence represents warmer climate (Nitecki, 1972).




e

173

‘Wed 1addn ay) ueyl eousnbas yoes jo yed 1emoj 8y} ul Jusnbal} alow aie spunoibpiey

ey} eyl smoys weibeip syl “(sejpung punoibpiey :gH) spunoibpiey juepunge jo sjealalul
Juesaidas smouie pjog “3Jr ANeo0 woll S 10} pue ‘| A}jed0T wol SI £S pue SUojoes |elenss
Wwol) sewod gs pue 1S 4o} Aydesbiensg spunotbpiey dnoin ssdiuuig sy} Jo Joid 1eyosi4 08 "Hi-

ssauxoly}
ueaw wiouy
ainpedep
oAljeINWINGD
doid
layosi4

A—T—+—" sousenbes
vS €S7(2S| IS |eousnbes

eus(en 59884 alneneld | uonewso




174

\

‘9u0z S8} noeidadal sy} pue
Kousnbayj punolbpiey jo uoneai00 eaebau sy} ajoN ‘edousnbes yoes Jo Led 18mo| 8y} pue sslepunod
aouenbesesed ey} ui Juenbayy slow ese spunoibpiey sy yey) smoys weibeip syl “3Jr Ayeoo woly $S 10}
pue ‘| ANjes0 Wolj S €S JO SUOHOBS [RIOASS WO} SBWod g pue S Joj Aydeibijens -eouepundge psq wiols
pue uojleqiniolq ‘usiuod Aed yim spunosbprey Buuedwoos dnoiy) eediuulg 8yl J0 UOROBS Jeuwn|o) *L18 *Bid

auou o} asey %> _H_
Heam %S+ [
ojeiopoN %02  BR NS B
buons  %0s-0z [H .m
OAISeAlBd 9%0G< . sufel1s) zyenyy p-w
<> .l
USSR WS RS 5
sepepunoq esuenbes pue £
\ euoz seynoeidesel Emvczne.% eouenbeseied je spunoibpieHq @)
a — LA R A\
. TONeo0 1|
l U0 UOUUBLD D AU EY D D Ll 0D | Wit L LW lpunospren
62 t 4o s (e|o 'Sd yoes ul
b 9 b b S "OH J0 "ON
(%0.-05>) | erey| eresepoy |  (%02<) o | @] Sduepunqy
ole o1ey 0} ojesopoiN  |PIEOPOW | ugpunay |oy W opeses | wepunay | *“N | & | & | peg uuois
Lojleqsniolg
U907
& fe|
‘ ERVEINES
Okd 6d 8d id ||ed| sd vd | €d [2d|id ey
S mw 2S LS eouenbeg
eusien Ye10980-F1 slliAeHeld ey




175

Preliminary Interpretation and Discussion

Paragenesis of the hardground formation

The sequence of events related to the hardground formation and
associated minerals are established as follows:

(1) Thalassinoides burrowing on the stable substrate, just before
early cementation during initial stage of non-depositional
period

(2) Non-deposition and early marine cementation

(3) Borings on consolidated substrate

(4) Phosphorite precipitation

(5) Pyrite mineralization in burial.

Figure 82 shows the minerals associated with the hardgrounds
and the paragenetic relationship among them. During initial stage of
non-depositional time, the sediments became coherent and the 1-2 cm-
wide Thalassinoides burrowing prevailed mostly within the upper 10
cm near the sediment-water interface. Unlike the mm-sized Chondrites
burrows, which are abundant throughout the Sinnipee Group, the
Thalassinoides burrows develop on a relatively stable substrates (Frey
et al., 1978; Frey and Seilacher, 1980; Sheehan and Schiefelbein, 1984;
Bromley and Ekdale, 1984). The restricted occurrence of the
Thalassinoides burrows to the hardgrounds in most of the Sinnipee
Group strata is explained by this interpretation. Following the
bioturbation by the Thalassinoides, the substrate was cemented 'and 1-
2 mm-wide borings formed.

Although the location of the phosphorite on the outmost surface
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Phosphorite

.
L ¢ 7S * ¢ *
\ / /,T halassinoides Trypanites
Pyrite _

Burrow Boring
PARAGENESIS

1. Thalassinoides burrowing

2. Non-deposition and Early Cementation <€?- gypply of Precursor

3. Trypanites Boring " of Pyrite

4. Phosphorite Precipitation ]

5. Pyrite Mineralization during Burial

Fig. 82. Schematic diagram showing the occurrence of the minerals
associated with hardgrounds. The pyrite crystals are disseminated through
the phosphorite layer and sediments with upward and downward decreasing
concentration from the hardground surface. The phosphorite layer occupy
the outmost zone. However, the euhedral to subhedral shape of the pyrite
crystals disseminated through the phosphorite layer indicates that the
mineralization of the pyrite postdates the phosphorite precipitation. See
text for details.




suggests that it is younger than the pyrite, pyrite replacing textures

indicate that the pyrite is the youngest and postdated the phosphorite.
It may be that an iron-rich mineral precipitated before the phosphorite
as a precursor material and later transformed into pyrite. The
processes and timing of the supply of the precursor material of the
pyrite can be explained in two ways. The first possible explanation is
that Fe ion was supplied from the sea-water during non-depositional
time and permeated through the sediments with carbonate-
supersaturated sea-water cementing the sediments. The gradual
downward decrease in pyrite staining is interpreted to be due to
downward decreasing circulation rate of pore water. This explanation
can also explain preferential pyrite staining of the Type A bioclasts of
which taphonomic features indicate prolonged exposure on the sea floor
before burial. However, for this process to take place, a reducing
condition should be assumed for Fe ion to substitute Ca ion. Another
explanation is that the sea floor was being enriched by organic matter
and later by phosphorite with gradually increasing proportion during
the non-depositional period after early cementation. The organic-rich
sediments leaded to the formation of pyrite with supply of Fe ion
during burial. The problem with this interpretation is that it can not
explain the downward decrease in the pyrite staining in the
Thalassinoides burrows, because the pyrite staining also intense on the
roof of the Thalassinoides burrows that are close to the hardground
surfaces. However supplied the precursor material of the pyrite have
been, its texture indicates that the mineralization of the pyrite was

latest.
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Phosphorites are formed by deposition, precipitation, and
replacement (Baturin, 1982). The occurrence of the phosphorite layer on
the roof of the burrow (Figs. 78, 82) rule out the possibility of
deposition of the phosphorite. The outmost occurrence of the
phosphorite also exclude the possibility of replacement of carbonate by
the phosphate because phosphatization occurs below sediment-water
interface in the interstitial waters rich in dissolved phosphorus rather
than in normal sea waters (Baturin, 1982). Whether the supply of the
phosphorus from sea water or from the sedimentary layer is not clear.
Under oxic conditions phosphate is strongly adsorbed and precipitated
with ferric iron oxides. Upon removal of oxygen and subsequent
reduction of Fe, phosphate is liberated to solution (Ingall et al., 1993).
Thus, phosphorus released in the lower portion of sediments containing
organic phosphorus (inarticulate brachiopod fragments) could
potentially be precipitated by oxidizing conditions at the sediment-
water interface during or after early cementation. Further study on the
chemical condition for the precipitation of the phosphorite with other

associated minerals is required to decide the timing.

Processes related with hardground formation

Although general characteristics and associated minerals on the
Sinnipee Group hardgrounds are similar, more than one process seem to
be involved in the formation of individual hardgrounds with varying
degrees.

Hardgrounds are formed by early cementation during periods of

very slow or non-sedimentation. Prolonged times of non-sedimentation
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in carbonate sediments can result from transgression, physical changes

(i.e., changes in energy regime), or chemical changes such as salinity
and pH, which influence carbonate production. Different mechanisms
can count for each of these events. Some hardgrounds are well
explained by transgression, some are explained by physical changes in
the depositional environment, and some are better explained by
environmental changes. All the hardgrounds are associated with pyrite
and phosphorite, thus to deposit and/or precipitate these, events of
reducing condition, i.e., anoxia, should be assumed at least as one of
stages in the events of non-deposition.

The hardgrounds in the Glenwood Member and the Platteville
Formation are particularly abundant at the base of the parasequence
boundaries, which show evidences of deepening event. Those
hardgrounds are interpreted to be related to decreased sedimentation
rate during transgressive periods. Hardgrounds are also common in the
interpreted shallower-water facies in the Glenwood Member and the
Platteville Formation except in the lagoonal mudstone. Those
hardgrounds are probably related to wave-inhibition of sedimentation
in a open marine setting.

The numerous repetitive occurrence of hardgrounds in the Galena
Formation requires more refined interpretation. Chemical controls
related with climate change probably had an important role in the
formation of the Galena hardgrounds. Several models have been

proposed to explain the repetitive nature of the Galena hardgrounds.




Relation with Milankovitch Cycle

Byers and Geary (1993) proposed a hypothesis regarding thé
possible relationship between the repetitive nature of the Galena
hardgrounds and Milankovitch cyclicity. However, simple calculation of
the average duration of the cycles to induce Milankovitch cyclicity have
problems as follows.

(1) Amalgamation: there are some amalgamated hardgrounds

which are difficult to identify in the field.

(2) Preservation: not every hardground is preserved as a rock

record at every location. There are many grainstone beds which

contain some floating dark intraclasts derived from a
hardground layer but do not directly overlie any hardground
surface, indicating that not all of the hardgrounds were
preserved.

(3) Missed beats: if sea level change is the main control on the
hardground formation there should be cycles during which no
hardground is formed (Goldhammer et ‘al., 1993).

(4) In general, there is a tendency to overlook some hardgrounds
rather than counting more than truly existed because the
prominence of hardgrounds is variable depending on the
intensity of early cementation and pyrite mineralization,
which makes identification of some hardgrounds ambiguous.

Therefore, comparison of the hardground occurrences with other

cyclic signals such as periodic shallowing upward cycles and with
lithologies seems to be better approach. Diagenetic study on the pyrite,

phosphorite, and carbonate cements on the hardgrounds will be useful
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to reveal the sea-water chemistry which influenced the sedimentation
of those minerals at the time of hardground formation. To prove
cyclicity it is necessary to show periodicity first. However, there
could be so many factors which influence sedimentation and make the
occurrence of the hardgrounds episodic in the stratigraphic record even
if the periodic factor exist. For example, changing sedimentation rate
could erase the possible periodic signal of hardground occurrences.
Therefore, the periodic signal will only occur in the intervals in which
other factors are relatively constant.

There seem to be chemical constraints to control formation of
hardgrounds such as sea water chemistry including redox potential and
pH as well as physical constraints such as base level change. Periodic

change of such constraints could result in repetitive hardgrounds.

Sea-level vs. climate Control
Hardgrounds are often considered to mark the tops of regressive
sequences (Kennedy and Garrison, 1975; James and Bone; 1994),
followed by a transgression (Purser, 1969). However, many of the
Ordovician hardgrounds, which are interpreted to have developed
rapidly, are not obviously related with sea level changes (Brett and
Brookfield, 1984). Application of only sea level control to explain the
formation of the Galena hardgrounds has the following problems.
(1) In most cases the intervals between hardground surfaces do
not show distinct coarse'ning upward sequence which is
expected if periodic reach of the sediment surfaces into the

zone of wave influence is the main mechanism of the
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hardground development (James and Bone, 1994).
(2) Considéring the godd lateral continuity of the hardgrounds
particularly in the lower Galena Formation (GAL 2, Appendix
C), putting the vast area into the zone of erosion seems
unreasonable because wave energy dissipates rapidly when it
touches the bottom of the sea unless the hardground surfaces
are time transgressive.
(3) Considering similar physiographic setting and environment,
| much fewer hardgrounds are developed in the underlying
Platteville Formation even on similar lithology.
Therefore other factors are needed to explain the repetitive
nature of the hardgrounds. The altemative hypothesis which postulated
periodic climate change as a main control on the cyclical hardground

formation is suggested in this study.

Alternative hypothesis

Considering the characteristics described previously and the
problems of the hypothesis proposed before, it is postulated that the
Galena hardgrounds have formed in deeper water, below FWB but above
SWB, in relétion to Milankovitch induced periodical change of climate
which i‘nﬂuenced the near-surface water temperature and chemistry as
well as sea level.

In late Caradocian time, the ocean water was salinity stratified,
with increasing temperature with water depth, and near-surface or
intermediate water characterized by relatively low temperatures (13-

19 °C) and low salinities (26-29 p.p.t.) (Railsback et al., 1990; Fig. 76).
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The numerous occurrences of the Galena hardgrounds can be interpreted

in relation with the decreased surface ocean temperature during Galena
time.

As the glaciation at the southern continents intensified during
late Caradocian, the cold water generated from the southern pole
periodically reached North American continent as surface water (Fig.
83). The oceans of cooler periods are characterized by (1) increased
influence of cool currents from high latitude, (2) increased gas
exchange such as Oz and CO2 between the atmosphere and sea water due
to low temperature, (3) higher Eh and lower pH, (4) decreased water
depth, if glaciation existed, (5) low carbonate production rate due to
low salinity and water temperature, and (6) early cementation
resulting in hardground formation (Fig. 83A).

The warmer periods are characterized by (1) weak or no input of
cool currents from the south, (2) decreased gas exchange due to high
temperature, (3) lower Eh and higher pH in sea water, (4) increased
water depth, (5) increased carbonate production due to higher salinity
and water temperature, (6) increased accumulation of organic carbon

due to lower Eh which result in phosphorite precipitation (Fig. 83B).
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Fig. 83. Schematic diagram illustrating origin of the Galena hardgrounds. Periodic
influence of cool current from the southern pole results in widespread hardgrounds
development in the late Caradocian sea.




Hardgrounds in recent environments have been described from

Pro Work and Meth

supratidal, subtidal shelf, slope, and deep-sea environments (Shinn,
1969; Neumann et al., 1979; Dravis, 1981; Mullins et al., 1982). Thus,
before the environmiental significance of hardgrounds can be evaluated,
the environment of deposition of the associated sequences must be
established. A statistical approach is needed to document the
relationship between hardgrounds and specific lithofacies.

Fluorescence and cathodoluminescence methods are useful to identify
the original textures of dolomite and to establish diagenetic history. To
accomplish these, field and petrographic study on the Sinnipee Group in
undolomitized area will be necessary for correlation.

Petrographic evidences used by many authors will be used to

8

make inferences about the nature and origin of hardgrounds. Of
particular importance is the evidence of erosion and scour in the
interpretation of paleowater depth. To establish more precise and
detailed paragenetic relationship among various fabric elements,
diagenetic study on carbonate cements and associated minerals such as
pyrite and phosphorite are important. Diagenetic and geochemical study
on the associated minerals will also help to reveal the environment of
deposition and/or precipitation of them and the relative timing of their
formation in the course of the hardground development. Analysis of
attached hardground communities should be performed to infer the
environmental condition and the nature of the hardgrounds. |

To test the cool-water related origin of the Galena hardgrounds,

comparison of the occurrences of the hardgrounds with those of
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receptaculites seems useful considering warmer temperature required
for the 'bloom' of receptaculites. If the relative abundance of the
hardgrounds decrease with increase of receptaculites it will be a good

supporting evidence.
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Appendlx A. MEASURED LOCALITIES OF THE SINNIPEE
GROUP.

I. OUTCROP LOCALITIES

A. Jefferson County

1. Active quarry on north side of county Highway M, 1/2 mile east of US
Highway 12, 1 mile southeast of Fort Atkinson, Jefferson Co.
(Abbreviation: FT, Total Thickness: 23m).

B. Dod oun

2. Active quarry on east side of US Highway 16, 2.5 mile north of
Watertown, Dodge Co. (WT, 19m).

3. Abandoned quarry on west side of county Highway K, 3 mile
northwest of Watertown, Dodge Co. (RW, 4m)

4. Abandoned quarry on west side of Fairwood Road, 1 mile north of
state Highway 16, 60, 2 mile west of Lowell, Dodge Co. (LW,
8m)

5. Active quarry on north side of county Highway W, 11/2 mile
southeast of Beaver Dam, Dodge Co. (BD, 13m)

6. Abandoned quarry on west side of county Highway CP, 11/2 mile west
of Stony Quarry point, Dodge Co. (LL, 5m)

7. Active qUarry on north side of Spruce Road between state Highway 33
and county Highway W, 21/2 mile north of Beaver Dam, Dodge
Co. (SP, 12m)

8. Active quarry on south side of Breeze Point Road, just near the
intersection with county Highway A, 31/2 mlle north of Beaver
- Dam, Dodge Co. (BC, 6m)

C.Fon L reen Lak ntie

9. Active quarry on east side of U.S. Highway 26 (Business 151),
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northeast comer of Waupun, Fond du Lac Co., WIl. (WP, 11m)

10. Active quarry on east side of state Highway 49, 1/2 mile northwest
of Waupun, Fond du Lac Co. (WN, 9m)

11. Active quarry on west side of state Highway 49, 1 mile northwest |
of Waupun, Fond du Lac Co. (BR, 14m)

12. Active quarry on north side of county Highway |, 1 mile southeast of
Markesan, Green Lake Co. (MK, 10m)

13. Abandoned quarry on north side of county Highway | (Mackford Hill
Road), 21/2 mile east of Markesan, Green Lake Co. (MH, 6m)

14. Active quarry on north side of Dartford Road, just east of St Patrick
Cemetery, Ripon, Fond du Lac Co. (RP, 14m)

15. Roadcut on east side of Arcade Glen Road, just west of Ripon, Fond
du Lac Co. (AG, 8m)

D. Winn n

16. Active quarry on west side of Highway. 26, just on the border to
Fond du Lac Co, 6 mile north of Rosandale, Fond du Lac Co. (RD,
9m).

E. Dan n

17. Active quarry on south side of Highway 151, Stone Quarry Road, 2
mile northeast of Sun Prairie, Dane Co. (SN, 15m).

Il. CORE LOCALITIES
A. Jgﬁg@gh County

JE: NE1/4 of the SE1/4, Section 21, Township 8N, Range 16E.

B. Waukesha County
WK-1: NE1/4 of the SW1/4, Section 18, Township 8N, Range 17E.
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WK-2: SW1/4 of the NE1/4, Section 21, Township 6N, Range 17E.
WK-3: SE1/4 of the NW1/4, Section 33, Township 5N, Range 17E.
C. Racine Coun

RA: NW1/4 of the SE1/4, Section 35, Township 3N, Range 20E.

D. Kenosha County

KE: SW1/4 of the SW1/4, Section 2, Township 1N, Range 21E.
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APPENDIX B. MEASURED SECTIONS OF SINNIPEE GROUP, E. WI.
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FA-8

FA-6

FAL

Fig. B-3. Columnar section measured from the Fort Atkinson Qr.,

Locality 1.

C (arrow) represents the horizon from which the

conodont sample was taken. Descriptions of units followed next.
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Description

Rock Unit No.
Top of section

FA-10

Dolostone, medium- to coarse-crystalline, carbonate; gradually more porous upward;
locally dark purplish brown chert nodules present; medium- to thick-bedded; buff yellow;
wackestone to packstone(?), but the texture is very difficult to define; moderate to strongly
bioturbated with large burrows 1-2 cm in diameter filled with coarser crystalline ‘
dolomite, minor 1-3 mm lined burrows; very porous with irregularly distributed

vesicular porosity throughout with minor moldic to vuggy porosity; brachiopods and
bryozoans abundant, gastropod molds common, receptaculites common particularly in the
upper part; contains abundant hardgrounds.

(FA23,22,21,20U)

FA-9

Dolostone, fine- to medium-crystalline, argillaceous-free except base; medium- to thick-
bedded; buff yellow; gradually less argillaceous, thicker bedded, and more porous upward;
fossiliferous mudstone to wackestone; moderately bioturbated with 0.3-1.0 cm-sized
burrows, minor 1-3 mm lined burrows; vesicular porosities are common within burrows
and molds partly or completely filled with coarse dolomite crystals; orthid brachiopods
(Platystrophia?) and bryozoan molds common with occasional trilobite molds; contains
abundant hardgrounds in 5-20 cm interval.

(FA20,19)

FA-8

Dolostone, medium- to coarse-crystalline, argillaceous; thin- to medium-bedded with thin
green shale partings; yellowish gray; bioclastic packstone to grainstone; weakly bioturbated
with 1-4 mm thick burrows filled with shaly material; slightly vuggy and vesicular

porosity outside of large burrows; gastropods common; contains abundant hardgrounds;
bounded above by a prominent shale parting.

(FA18)

FA-7

Dolostone, medium- to coarse-crystalline, carbonate; comprises two amalgamated bioclastic
grainstone beds with a shaly parting between them; cross-bedded with 20 degree plunge;
vesicular moldic porosities abundant by leaching of bioclasts.

(FA17)

FA-6

Dolostone, fine- to medium-crystalline, contains numerous argillaceous seams; gradually
less argillaceous and grainy upward; medium- to thick-bedded; medium gray on fresh beds,
greenish buff yellow on weathered beds; bioclastic wackestone to grainstone; weakly to
moderately bioturbated with 1-5 mm wide burrows filled with argillaceous material;

contains brachiopods, trilobites, crinoids, and bryozoan fragments; gastropod molds
present; contains numerous hardgrounds.

(FA16,15,14,13,12)

FA-5 :
Dolostone, fine- to medium-crystalline; greenish yellow to greenish gray; thin- to
medium-bedded; shaly bioclastic packstone to grainstone containing brachiopod, bryozoa,

209
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_ crinoid, and trilobite fragments; less shaly in upper part; moderate to strongly bioturbated
with 1-5 mm burrows filled with green shale; contains quartz silts (2-3%); beds just
below hardgrounds are less shaly.

(FA11,10)

FA-4 |
Dolostone, fine- to medium-crystalline; gray on fresh surfaces and greenish yellow on |
weathered surfaces; thin- to medium-bedded; bioclastic packstone to grainstone interbedded }
with bioclast rich shale; moderate to strongly bioturbated with 2-6 mm burrows filled with

shaly material; gradually thicker bedded, less argillaceous, and more bioturbated upward;

grainstone beds contain fragments of trilobite, brachiopod, bryozoans, and crinoids with

some phosphate grains of 0.2 mm size; trepostome bryozoans are concentrated in grainstone

beds; graded bedding; upper beds are slightly vuggy with moldic porosity; contains

terrigenous silts with up to 20%.

(FA9,8,8L,7)

FA-3

Dolostone, fine- to medium-crystalline; brown to greenish gray; thin- to medium-bedded
with thin phosphorous/argillaceous partings in 1-5 cm interval; bioclastic wackestone to
packstone with intercalating grainstones; moderately bioturbated; contains fragments of
brachiopods, trilobites, bryozoans, and crinoids; lower part is thin bedded with shaly
partings and contains abundant brachiopods; thicker-bedded upward; bounded below by an
unconformity and above by a prominent hardground.

(FA7L,6U,6,5)

FA-2

Dolostone, fine-crystalline, ; locally white to dark purplish brown chert nodules present;
yellowish buff; massive; fossiliferous mudstone with occasional thin laminations; contains
brachiopod and bryozoan molds which sometimes show vesicular porosity when pore-filling
dolomite crystals are partly or completely weathered out; inarticulate brachiopod
(phosphate), bryozoans, trilobite fragments common; weakly bioturbated with 3-4 mm

size burrows; contains quariz silts; capped by a prominent hardground on top.

(FA4,3,2)

FA-1

Dolostone, very fine-crystalline, slightly argillaceous; light gray with dark gray mottled
burrows on fresh surfaces; strongly to pervasively bioturbated mudstone.

(FA1)
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Description

Rock Unit No.
Top of section

WT-7

Dolostone, fine- to medium-crystalline, slightly argillaceous to argillaceous; gradually less
argillaceous upward; buff yellow to greenish gray depending on weathering; bioclastic
wackestone interbedded with argillaceous, bioclastic packstone with occasionally
intercalating grainstone beds; medium-bedded; argillaceous-free beds show irregularly
distributed vesicular porosities; brachiopods, crinoids, and large bryozoan fragments
common; some grainstone beds contain cm-sized intraclasts in calcarenite matrix;
moderately bioturbated by burrows, 1-6 mm in diameter; gastropod molds present;
contains abundant hardgrounds.

(WT18,17)

WT-6

Dolostone, fine- to medium-crystalline, less argillaceous than below; gradually less
argillaceous upward; greenish gray; argillaceous bioclastic packstone; contains hardgrounds
and moldic porosities; some beds contain abundant bryozoan fragments of gravel size;
contains terrigenous silts in about 3 %.

(WT16)

WT-5

Dolostone, medium- to coarse-crystalline, argillaceous to shaly; gray; thin- to medium-
bedded with thin shaly partings; bioclastic packstone to grainstone mixed with clay due to |
bioturbation; less argillaceous than the unit below; three upward less argillaceous trends o
identified; rich in trepostome bryozoans, coral present; some grainstone beds are low angle
cross-laminated, weakly bioturbated; dark intraclastic pebbles present at some grainstone
beds: terrigenous silts present; a very prominent shaly parting is present on top of the unit.

(WT14)

WT-4

Dolostone, medium-crystalline, shaly; greenish gray; thin-bedded; shaly bioclastic

packstone with intercalating grainstone beds; shaly material occur as burrow fillings as

well as mm-thick partings between beds; some grainstone beds are laminated; moderately to
strongly bioturbated by 2-10 mm-wide burrows filled with shale; orthid brachiopods
(Dalmnella) and trepostome bryozoans abundant in shale partings on bedding plains with
fragments of crinoids and trilobites; terrigenous silts present; bounded below by
unconformity.

(WT13U,13,12,11,11L)

WT-3

Dolostone, fine- to medium-crystalline; light purplish gray; white chert nodules abundant;
irregularly distributed vesicular to vuggy pores; medium- to thick-bedded; fossiliferous
mudstone to wackestone with occasionally intercalating thin bioclastic packstone to
grainstone beds; contains brachiopod molds and crinoids; contains more bioclasts upward;
weakly bioturbated; terrigenous silts present in less than 1 %; contains ripple lamination
locally; a very prominent, bored hardground is present on top of the unit.

(WT10,9,8,8L)
WT-2




Dolostone, very fine-crystalline, argillaceous; light gray with dark gray mottlings; thin- to
medium-bedded; moderately to strongly bioturbated mudstone.

(WT7,6,5)

WT-1

Dolostone, very fine-crystalline, slightly argillaceous; light purplish gray; medium-
bedded: shows conchoidal fracture; white chert nodules present in the upper part; weakly
bioturbated by horizontal burrows 2-4 mm in diameter, some are dark gray; contains
inarticulate brachiopods (Lingulella?). '

(WT4,3,2,1)
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Description
Rock Unit No.

Topofsection

Rw-1

Dolostone, very fine-crystalline; carbonate to slightly argillaceous,
gradually less argillaceous upward; thin- to medium-bedded with
wavy argillaceous paritngs; light purplish gray to buff yellow;
weakly bioturbated with mostly horizontal burrows, 1-3 mm in
diameter; mudstone with occasional thin bioclastic grainstone lense.
(RW5,4,3,3L,2,1)

Fig. B-5. Columnar section measured from Richwood
Qr., Locality 3.
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Description

Rock Unit No.
Top of section

LW-5

Dolostone, very fine-crystalline; relatively argillaceous-free; light purplish gray; thin-

to medium-bedded; mudstone intercalated by occasional bioclastic packstone to grainstone
beds; brachiopods (Opikina) common; mostly weakly bioturbated but dark gray-mottled in
lower part.

(LW7,6,5)

Lw-4

Dolostone, very fine-crystalline, argillaceous; greenish gray to light purplish gray;
gradually purer upward with changing colors from green to purple; moderately bioturbated
with 2-4 mm wide mottled burrows.

(LW4,3)

LW-3

Dolostone, fine-crystalline; medium-bedded; light purplish brown; mudstone with thin
intra-bioclastic grainstones at base; weakly to moderately bioturbated; gradually purer
upward.

(LW83)

Lw-2

Dolostone, fine-crystalline, argillaceous to carbonate; medium-bedded; light purplish
brown to greenish gray; fossiliferous mudstone with occasionally intercalating intra-
bioclastic grainstone; moderately to strongly bioturbated; upward changes is gradational
from the argillaceous, gray bed to the less argillaceous, brown beds whereas reverse is
sharp; upper boundary is gradational.

(LW3L,2)

LW-1

Dolostone, fine- to medium-crystalline, argillaceous; gray to buff yellow; thin-bedded with

dark gray shale partings; weakly to moderately bioturbated with horizontal burrows 2-5

mm in diameter; bioturbated mudstones interbedded with intra-bioclastic packstone to
grainstone; some grainstone beds shows graded bedding; contains hardgrounds; bounded above
by 1 cm thick green shale parting.

(Lw1)
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Fig. B-7. Columnar section measured from Beaver Dam Qr.,

Locality 5. Descriptions of units followed next.



Description

Rock Unit No.
Top of section

BD-6

Dolostone, very fine-crystalline; slightly argillaceous; thin-bedded mudstone; mostly
weakly bioturbated; gradually less argillaceous upward; contains gastropods and
brachiopods; locally patchy calcite present.

(BD14,13)

BD-5

Dolostone, very fine-crystalline, slightly argillaceous; thin-bedded mudstone with
occasional intercalating grainstone; moderately to strongly bioturbated; gradually less
bioturbated and less argillaceous upward; contains quartz silts with up to around 3%.
(BD12)

BD-4

Dolostone, fine- to medium-crystalline, relatively argillaceous-free; purplish brown to

grayish buff; medium bedded; moderately bioturbated; fossiliferous mudstone to wackestone
with 1-2 cm thick thin intercalating grainstones; calcite patches are concentrated locally.
(BD11)

BD-3

Dolostone, fine-crystalline; argillaceous, two gradually less argillaceous upward sequences;
thin-bedded with nodular appearances; calcareous nodules are 0.5-1 cm in height and
elongated laterally with more than 1 cm width; greenish gray to yellowish gray; moderately
to strongly bioturbated with 2-3 cm horizontal burrows; bioclastic wackestone to packstone
with intercalating thin intra-bioclastic grainstone beds; bryozoans, brachiopods, crinoids,
trilobites common; gastropod (Maclurites) present; contains hardground and dark
intraclasts.

(BD10U,10,9,8,7,7L,6,5)

BD-2

Dolostone, very fine-crystalline; argillaceous; medium-bedded; moderately to strongly
bioturbated; gradually more bioturbated and less grainy upward; medium gray with dark
gray mottled burrows 2-7 mm in diameter; mudstone to bioclastic wackestone; a sharp,
prominent hardground on top.

(BD4,3,2)

BD-1 '

Dolostone, medium-crystalline; carbonate; medium to dark gray; medium-bedded; bioclastic
packstone; strong to pervasively bioturbated with 1-6 mm wide burrows; orthid brachiopod
(Campylorthis) molds present.

(BD1)
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Description
Rock Unit No.

Topofsection

LL-1

Dolostone, very fine-crystalline, slightly argillaceous; thin- to
medium-bedded with wavy argillaceous paritngs; light purplish
gray to buff yellow; weakly to moderately bioturbated with mostly
horizontal burrows, 2-6 mm in diameter, mudstone; contains white
chert nodules. '

(LL2,1)

Fig. B-8. Columnar section measured from Lost Lake Qr.,
Locality 6. ’
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Fig. B-9. Columnar section measured from Spruce Qr.,

Locality 7. Descriptions of units followed next.
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Description

Rock Unit No.
Top of section

SP-6

Dolostone, fine- to medium-crystalline, carbonate; light purplish gray on fresh beds to

light brownish buff on weathered beds; thin-bedded; bioclastic wackestone; moderately
bioturbated with 1-5 mm size burrows, some burrows are filled with shaly material;

calcite spar patches of 3-4 cm size are abundant in lower part; vesicular porosity common,
gastropod molds present in upper part; contains abundant hardgrounds; quartz silts present.
(SP13,12,11,10)

SP-56

Dolostone, fine- to medium-crystalline, carbonate; light purplish gray to yellowish brown

on weathered horizon; medium-bedded; bioclastic packstone to wackestone, gradually less
grainy upward; moderately bioturbated with variable sized burrows up to 2 cm in diameter;
calcite spar patches present; contains abundant hardgrounds; a prominent shaly parting at
bottom; quartz silts present.

(SP9U,9)

SP+4

Dolostone, fine- to medium-crystalline, argillaceous-free except basal portion; purplish

brown on fresh surfaces; medium-bedded, gradually thicker bedded upward; bioclastic

wackestone to packstone with some intercalating grainstone, black intraclastic pebbles are

present in some grainstone beds; some brachiopod fragments are replaced by silica;

moderately to strongly bioturbated; contains many hardgrounds; a prominent shaly parting .
at bottom; quariz silts present.

(SP8,7,6)

SP-3 -

Dolostone, fine- to medium-crystalline; argillaceous-free with thin argillaceous partings;
purplish brown; thin- to medium-bedded; white chert nodules present at lowermost part of
the unit; bioclastic wackestone to packstone with occasionally intercalating grainstone
lenses; gastropods abundant, cephalopods present; vesicular pores and gastropod molds
common, 2-3 cm calcite spar patches common; weakly to moderately bioturbated with
Chondrites burrows on bedding plains; contains hardgrounds.

SP-2

Dolostone, fine-crystalline, argillaceous; thin-bedded with irregular shaly partings;
contains white chert nodules locally; light purplish brown; fossiliferous mudstone with
grainstone lenses locally; moderately bioturbated; brachiopods, gastropods, crinoids, and
bryozoans common; grainstone beds contain abundant moldic pores; locally calcite spar
patches present.

(SP5,4,3)

SP-1

Dolostone, fine- to medium-crystalline; contains white chert nodules; light purplish

brown; thin- to medium-bedded with irregular thin gray shaly partings; moderate to

strongly bioturbated with abundant Chondrites burrows on bedding plains, burrows are 2-4
mm in diameter; bioclastic wackestone to packstone with many intercalating grainstone

beds; some grainstone beds contain black intraclasts; bioclasts consists of skeletal fragments




of bryozoans, brachiopods, and trilobites; quartz silts present; contains many ferruginous
hardgrounds.
(SP2,1)
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Fig. B-10. Columnar section measured from Buckhorn Corner Qr.,

Locality 8. Descriptions of units followed next.



Description

Rock Unit No.
Top of section

BC-3

Dolostone, fine-crystalline, carbonate; light purplish gray to light brownish buff; medium-
bedded; fossiliferous mudstone to wackestone; weakly to moderately bioturbated with 1-4
mm-sized burrows; gastropod (?) moldic to vuggy porosity common on weathered surfaces;
some are filled with large calcite spars; vesicular porosity common.

(BC8)

BC-2

Dolostone, fine-crystalline, carbonate; light purplish gray to buff; medium-bedded;

bioclastic wackestone; moderately to strongly bioturbated with burrows of up to 1 cm in
diameter, some burrows are filled with shaly material; contains abundant receptaculites and
hardgrounds.

(BC6,7)

BC-1

Dolostone, fine-crystalline, carbonate to slightly argillaceous; light purplish brown to light
yellowish brown on weathered horizon; medium-bedded; bioclastic wackestone; moderately
to strongly bioturbated with small burrows, 1-5 mm in diameter; some burrows are filled

with finer (shaly?) material; upper portion contains pyrite inside of large pores, 3-4 cm

size; receptaculites and gastropod (?) moldic porosity common on weathered surfaces.
(BC,5,4,3,2,1)
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Fig. B-11. Columnar section of the Sinnipee Group in Waupun Qr.,

Locality 9. Descriptions of units followed next.



Description

Rock Unit No.
Top of section

WP-8

Dolostone, fine- to medium-crystalline, carbonate; light brownish buff; medium-bedded;
fossiliferous mudstone to bioclastic wackestone; moderately bioturbated by 1-3 mm size
burrows, burrows are filled with finer material; bryozoan (?) moldic to vuggy pores are
abundant in the middie on weathered surfaces; some are filled with sparry calcite; vesicular
porosity common in lower part; contains abundant hardgrounds; similar to SP-6.
(WP16,15,14)

WP-7

Dolostone, fine- to medium-crystalline, carbonate; light purplish gray; thin- to medium-
bedded; bioclastic wackestone to packstone, gradually less grainy upward; moderately to
strongly bioturbated by variable-sized burrows up to 1 cm in diameter; brachiopod moldic
pores common; contains hardgrounds; similar to SP-5.

(WP13)

WP-6
Dolostone, fine-crystalline, slightly argillaceous; light buff to light gray; thin- to medium-
bedded; mudstone; moderately to strongly bioturbated with 1-4 mm wide burrows.

(WP12)

WP-5

Dolostone, fine- to medium-crystalline, carbonate; light purplish gray to yellowish brown;
medium- to thick-bedded; bioclastic mudstone to packstone with intercalating grainstone
beds; moderately bioturbated by 1-3 mm-sized burrows; gastropods, orthid brachiopods
common, crinoid present; contains hardgrounds.

(WP11,10)

WP4

Dolostone, fine- to medium-crystalline; light purplish gray to brown; medium-bedded with
thin shaly partings; fossiliferous mudstones interbedded with grainstones; weakly
bioturbated; trepostome bryozoans, crinoids, orthid brachiopods, and gastropods
(Hormotoma major) are common fossils; some brachiopod fragments are replaced by silica;
quartz silts present.

(WP9U,9,8)

WP-3

Dolostone, fine-crystalline, argillaceous; light purplish gray; thin-bedded with thin

irregular gray shaly partings; contains irregular white chert nodules in upper part; weak

to strongly bioturbated by 1-6 mm-sized Chondrites burrows; fossiliferous mudstones with
intercalating lenticular grainstone beds, some grainstone beds contain black intraclasts;
some brachiopod fragments are replaced by silica while gastropods by clean spar.
(WP7,6,5,4)

WP-2

Dolostone, fine- to medium-crystalline; light purplish gray; thin- to medium-bedded with
thin argillaceous partings; weakly to moderately bioturbated mostly by horizontal burrows
1-6 mm in diameter; mudstone with occasionally intercalating thin grainstone beds 1-56 cm
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thick; gradually less bioturbated and finer crystalline upward containing less grainstone
beds.
(WP3,3L,2)

WP-1

Dolostone, medium-crystalline; light gray; medium-bedded; moderately to strongly
bioturbated, burrows are variable in size up to 1 cm in diameter; bioclastic wackestone to
packstone interbedded with grainstone; contains bryozoans and crinoids and minor quartz
silts; contains hardgrounds.

(WP1)
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Qr., Locality 10. Descriptions of units followed next.
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Description

Rock Unit No.
Top of section

WN-5

Dolostone, fine-crystalline, less argillaceous than below; light purplish gray to buff
yellow; medium-bedded; bioclastic wackestone to packstone with thin intercalating
grainstone beds; moderately to strongly bioturbated by 1-3 mm-wide burrows and larger
1-2 cm-wide burrows; gastropods, brachiopods common; contains hardgrounds.
(WN8,7,6)

WN-4
Dolostone, fine-crystaliine; light purplish brown; medium-bedded with thin shaly
partings; fossiliferous mudstone; moderately to strongly bioturbated; contains hardgrounds.

(WNS)

WN-3

Dolostone, fine-crystalline; argillaceous; greenish gray; medium-bedded fossiliferous
mudstone with very thin (<1 cm) calcarenite beds; gradually less argillaceous and thicker
bedded upward with a prominent shaly parting at base; moderately to strongly bioturbated;
contains abundant hardgrounds.

(WN4,3)

WN-2

Dolostone, fine-crystalline; light purplish gray to greenish gray; medium-bedded with thin
irregular shaly partings; moderately to strongly bioturbated by 1-4 mm-sized burrows;
fossiliferous mudstone to wackestone; contains abundant hardgrounds.

(WN2)

WN-1

Dolostone, fine- to medium-crystalline; light purplish brown; medium-bedded; weakly to
moderately bioturbated with abundant horizontal burrows on bedding plains, burrows are
variable in size up to 2 cm in diameter; fossiliferous mudstone to wackestone with thin
packstone to grainstone lenses; contains hardgrounds.

(WN1)
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Description

Rock Unit No.
Top of section

BR-6

Dolostone, fine-crystalline, carbonate; light purplish gray to brown; thin- and irregular-
bedded; weakly bioturbated; mudstone; contains chert nodules in the upper part.
(BR14)

BR-5

Dolostone, medium- to coarse-crystalline, carbonate; light purplish gray; medium-bedded;
bioclastic mudstone to packstone with intercalating grainstone beds containing brachiopods,
bryozoans, and trilobites; moderately bioturbated; contains abundant hardgrounds and black
pebbles derived from them; brachiopod molds present; bounded above by 0.5 cm thick green
shale laminae; contains abundant quartz silts at lower part.

(BR13,12,11,10,9)

BR-4

Dolostone, medium-crystalline; argillaceous-free, skeletal grainstone to packstone
interbedded with argillaceous wackestone to packstone; greenish gray in argillaceous beds
while purplish brown in carbonate beds; gradually more argillaceous upward; four upward
argillaceous-free sequences are defined with gradually thicker bedded upward trend within
each sequences; medium-bedded; moderately bioturbated by 1 cm-sized burrows; contains
abundant hardgrounds of which burrows are filled with overlying lithology; contains
terrigenous silts of up to 20%.

(BR8,7)

BR-3

Dolostone, medium-crystalline, carbonate to argillaceous; locally white chert nodules
present; light purplish brown; medium-bedded; fossiliferous mudstone to wackestone;
weakly to moderately bioturbated; brachiopods common; contains hardgrounds in 40 cm
interval.

(BR6,5,4,3)

BR-2

Dolostone, medium-crystalline, argillaceous; purplish gray to greenish yellow; thin-
bedded; fossiliferous mudstone to wackestone; moderately to strongly bioturbated by
burrows filled with green shaly material, gradually less argillaceous upward; bounded
above by a prominent argillaceous laminae, 1 cm thick.

(BR2)

BR-1

Dolostone, medium-crystalline carbonate; light purplish gray; medium-bedded with thin
green shaly partings; texture is hard to identify due to dolomitization, bioclastic wackestone
with terrigenous silts less than 1%; moderately bioturbated with 1-2 cm thick, mottled
burrows and 1-8 mm-sized burrows; calcite spar patches present; contains abundant
hardgrounds.

(BR1)

4
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Fig. B-14. Columnar section measured Markesan Qr., Locality 12.

Descriptions of units followed next.
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Description

Rock Unit No.
Top of section

MK-7

Dolostone, very fine-crystalline, argillaceous; thin- to medium-bedded; gradually less
argillaceous upward; light purplish gray to buff yellow; mudstone; contains thin bioclastic
grainstone lenses; weakly bioturbated except bottom portion.

MK-6

Dolostone, fine-crystalline, argillaceous; light purplish gray; thin- to medium-bedded;
gradually less argillaceous upward; fossiliferous mudstone to wackestone; weakly
bioturbated.

(MK9)

MK-5

Dolostone, fine-crystalline; argillaceous; thin-bedded with irregular argillaceous seams
showing nodular appearance; gradually finer crystalline, less argillaceous, less grainy, and
thicker bedded upward; light purplish gray to greenish gray; moderately bioturbated;
fossiliferous mudstone to wackestone with occasional thin intercalating grainstones;
contains brachiopods; 7 cm-sized bored intraclasts present at 10 cm above the hardground.
(MK8)

MK-4
Dolostone, very fine-crystalline; argillaceous; thin- to medium-bedded with 0.5-1 cm-

thick argillaceous partings; medium gray; weakly to moderately bioturbated with 2-7 mm- o

sized dark gray mottled burrows; mudstone; similar to RP-5 but a little more bioturbated
and argillaceous; a very sharp hardground on top of the unit.
(MK7,6)

MK-3

Dolostone, fine- to medium-crystalline, carbonate; medium-bedded; strongly to

pervasively bioturbated with burrows, 2-6 mm in diameter, gradually more bioturbated
upward; medium gray to buff; crinoidal wackestone to packstone; bounded above by a
prominent shaly parting; contains a 2 cm-thick green laminated shale horizon, 20 cm above
the base; similar to RP-4 but quartz grains are rare; contains hardgrounds in the upper
part. '

(MK5,4,3,2)

MK-2

Sandstone, massive; medium- to coarse-grained, very well-rounded quartz grains; thick-
bedded; light yellow; have undulating lower contact and flat upper contact; both boundaries
are Fe-mineralized.

MK-1 o »
Dolostone, very fine-crystalline, carbonate; medium-bedded; buff yellow; mudstone.
(MK1)
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Description
Rock Unit No.

Topofsection

MH-4

Dolostone, very fine-crystaliine; argillaceous, gradually less argillaceous upward; buff
yellow; thin- to medium-bedded mudstone with thin bioclastic grainstone lenses; mostly
weakly bioturbated but some beds are strongly bioturbated with 3-5 mm-sized burrows.

MH-3

Dolostone, fine-crystalline; thin- to medium-bedded; gradually less argillaceous upward;
fossiliferous mudstone to wackestone; moderately to strongly bioturbated; brachiopods
abundant.

(MH2)

MH-2

Dolostone, fine-crystalline; argillaceous; thin-bedded with irregular argillaceous
partings showing nodular appearence; gradually less argillaceous, less grainy, and
thicker bedded upward; buff yeliow due to weathering; moderately bioturbated; bioclastic
wacks tone to packstone; containsbrachiopod molds.

(MH1)

MH-1 .

Dolostone, very fine-crystalline; argillaceous; buff color due to weathering; planar,
thin- to medium-bedded; medium grey; weakly to moderatly bioturbated with 2-5 mm-
sized horizontal burrows; mudstone; similar to MK-4; a very sharp hardground on top of
the unit.

Fig. B-15. Columnar section measured from Mackford Hill, Locality 13.
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Fig. B-16. Columnar section measured from Rpon Qr.,

Locality 14. Descriptions of units followed next.



Description

Rock Unit No.
Top of section

RP-10 '

Dolostone, fine- to medium-crystalline; less argillaceous than below; medium-bedded,;
weakly bioturbated; mudstone.

(RP17)

RP-9

Dolostone, very fine-crystalline; argillaceous, gradually less argillaceous upward; contains
locally white chert nodules, 2-5 cm-sized in short axis; the chert nodules are rounded,
irregular, and laterally elongated up to 15 cm; medium-bedded with wavy argillaceous
partings; light purplish gray to buff; slightly bioturbated mostly by horizontal burrows,

0.5 cm in diameter; mudstone; thin bioclastic grainstone lenses present in the upper part;
shows conchoidal fracture.

(RP16,15,14,13,12,11)

RP-8

Dolostone, fine- to medium-crystalline, carbonate; thin- to medium-bedded; buff yellow;
moderately to weakly bioturbated by 2-5 mm-wide burrows; less bioturbated, finer
crystalline upward; contains solitary corals and gastropods.

(RP10,9) :

RP-7

Dolostone, fine-crystalline, argillaceous; thin- to medium-bedded with wavy argillaceous
partings in 2-4 cm interval; medium gray with dark gray mottling to buff yeliow;

moderately to strongly bioturbated by 2-5 mm-sized burrows; gradually less bioturbated,
less argillaceous, coarser crystalline, thicker bedded upward; fossiliferous mudstone
containing crinoid molds and brachiopods; Fe-mineral concentration inside of fossil molds.
(RP8,7)

RP-6

Dolostone, fine- o medium-crystalline, argillaceous; buff yellow to brown; medium-
bedded; bioclastic packstone to grainstone with trilobites and crinoids; contains floating
quartz sands 1% in proportion; bounded above and below by hardgrounds.

(RP6)

RP-5

Dolostone, very fine-crystalline, argillaceous; medium-bedded with 0.5-2 cm-thick wavy
argillaceous partings; medium gray; weakly bioturbated with 3-@ mm-wide dark gray

mottled burrows; fossiliferous mudstone containing brachiopods and gastropods; Fe-mineral
concentration inside of burrows and/or fossil molds.

(RP5)

RP-4 ‘

Dolostone, fine- to medium-crystalline with floating quartz sands 1-5 % in proportion;
medium-bedded with very thin argillaceous partings in-10-20 cm intervals; medium gray;
strongly to pervasively bioturbated with 2-7 mm-wide burrows; gradually less sandy,
finer grained, and more bioturbated upward; quartz sand grains are very well rounded,
medium- to coarse-grained and more concentrated near by burrows; 0.2 mm-sized
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phosphate grains common; crinoidal bioclastic wackestone to packstone with common
bryozoans and trilobites; contains pyrite and sphalerite(?) concentration inside of moldic
pores; bounded above by a 1 cm thick prominent argillaceous parting.

(RP4,3,2) :

RP-3

Sandy dolostone to dolomitic sandstone; gradually less sandier upward; light to medium gray;
weakly to moderately bioturbated with 0.5 cm-wide burrows, medium-bedded; the quartz
grains are medium- to coarse-grained and well rounded; quariz grains comprise 50 % in
proportion; contains and bounded above by ferruginous hardgrounds; 0.07-0.2 mm-sized
phosphate grains common and particularly abundant inside of burrows; Fe-mineralization
along the lower boundary.

(RP1)

RP-2
Quartz arenite, medium- to coarse-grained, well rounded; finely laminated and cross
bedded, upper 30 cm interval is massive; gradually coarser grained upward.

RP-1

Dolostone, medium-crystalline, interbedded with green shale to sandy shale partings up to 1
cm thick; thin- to medium-bedded; contains mud cracks filled with (sandy) shale;

uppermost part bed is an intraclastic, sandy conglomerate showing normal grading with
cross-laminated top.
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Description

Rock Unit No.
Top of section

AG-3

Dolostone, fine- to medium-crystalline with floating quartz sand grains; quartz grains are ‘
very well rounded, coarse-grained, more concentrated near by burrows, and gradually
decrease upward in proportion; thin- to medium-bedded; buff yellow due to weathering;
moderately to strongly bioturbated; fine to medium sand-sized phosphate grains common;
bioclastic wackestone.

(AG2)

- AG-2
Sandy dolostone; sand grains are very well rounded, coarse-grained, and gradually decrease
upward in proportion; buff yellow due to weathering; moderately bioturbated; contains
hardgrounds; Fe mineralization along the lower boundary.
(AG1)

AG-1
Quartz arenite, quartz grains are medium- to coarse-grained and well rounded; large scale
cross-bedded and laminated; upper portion is massive and coarse-grained in size.
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Description
Rock Unit No.

Topofsection

RD-1

Dolostone, medium-crystalline; carbonate to argillaceous; white chert nodules
present locally; medium- to thick-bedded; alternations of argillaceous-iree,
purplish brown beds and argillaceous, greenish gray beds; transitions from
argillaceous bed to less argillacoues bed are mostly gradational unless interrupted
by hardround whereas reverse cases are generally sharp; fossiliferous mudstone to
wackestone with occasional intercalation of thin grainstone beds in the upper part;
weakly to moderately bioturbated; contains many hardgrounds; hardgrounds are
generally more prominent in case occurred between lithofacies boundaries.
(RD7,6,5,4,3,2,1)

Fig. B-18. Columnar section measured from Rosandale Qr., Locality 16.
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Fig. B-19. Columnar section measured from Sun Prairie Qr.,

Locality 17. Descriptions of units followed next.
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Description

Rock Unit No.
Top of section

SN-7

Dolostone, very fine-crystalline; slightly argillaceous; thin-bedded mudstone; weakly
bioturbated; less bioturbated and less argillaceous than lower unit; contains gastropods,
brachiopods (Campylorthis), coral, bryozoans, and crinoids; upper parts are not described
in detail due to inaccessibility. ‘

(SN11,10)

SN-6

Dolostone, fine-crystalline, argillaceous; buff yellow; thin-bedded; moderately to strongly
bioturbated; fossiliferous mudstone to wackestone with thin intercalating grainstone beds
less than 5 cm thick; gastropods (Clathrospira) and brachiopods (Rostriceliula) abundant;
crinoids common.

(SN9,8)

SN-5 .

Limestone, very fine-crystalline; argillaceous; thin-bedded with irregular shale partings
showing nodular appearances; greenish gray; moderately to strongly bioturbated with 2-3
cm-wide horizontal burrows; bioclastic wackestone with intercalating thin bioclastic
grainstone beds; brachiopods, crinoids common; contains hardgrounds.

(SN7,6) '

SN-4

Dolostone, very fine-crystalline; argillaceous; medium-bedded; moderately bioturbated;
gradually thicker bedded and less argillaceous upward; purplish brown with dark gray
mottlings, 2-5 mm in diameter; fossiliferous mudstone; two prominent, closely spaced
hardgrounds on top.

(SN5) :

SN-3

Dolostone, medium-crystalline, carbonate; medium to dark gray; medium- to thick-bedded;
bioclastic wackestone to packstone; strongly to pervasively bioturbated with 3-56 mm-wide
burrows; brachiopods molds abundant; cephalopod molds present;

(SN4,3)

SN-2 :

Sandy dolostone to dolomitic sandstone; contains poorly-sorted quartz sands grains in
dolomite matrix; quartz grains comprise 50% in proportion; light yellow; medium-bedded;
hardgrounds common.

(SN2)

SN-1

Quartz arenite, fine- to coarse-grained, moderately to poorly sorted; yellowish-brown;

massive; irregular iron mineralization in uppermost part; contains few gravels of oolitic
grainstone in the upper part; sedimentary structures are not recognizable due to poor

exposure. ’

(SN1)
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Fig. B-20. Columnar section measured from core, Locality JE

Descriptions of units followed next.
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Fig. B-20. continued.
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JE-17

JE-16
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Description

Rock Unit No.
Top of section

JE-17

Dolostone, fine-crystalline, slightly to moderately argillaceous with dark brown
argillaceous partings rich in phosphate grains; light yellowish brown; crinoidal wackestone
with occasionally intercalating packstone beds; weakly bioturbated.
(JE45,44,43,42,41,40)

JE-16

Dolostone, fine-crystalline, carbonate; light brown; fossiliferous mudstone to wackestone;
locally abundant vuggy pores associated with bryozoans; hardgrounds present locally;
moderately bioturbated.

(JE39,38,37,36)

JE-15 :

Dolostone, medium-crystalline, carbonate; light brown; bioclastic wackestone; locally
abundant vuggy pores associated with bryozoans; hardgrounds abundant; moderately
bioturbated.

(JE35,34)

JE-14

Dolostone, fine- to medium-crystalline, carbonate; light brown to light yellowish brown;
bioclastic wackestone with occasionally intercalating thin-bedded bioclastic packstone to
grainstone beds; crinoids and brachiopods common, gastropod molds present; weakly to
moderately bioturbated; contains abundant hardgrounds associated with Thalassinoides
burrows.

(JE33,32,32L,31,30)

JE-13

Dolostone, medium-crystalline, carbonate; gradually less argillaceous upward; light brown
with greenish tint in the lower part; bioclastic wackestone (?); white chert nodules

abundant locally; contains abundant hardgrounds and vesicular to moldic porosities; weakly
to moderately bioturbated; brachiopod and bryozoan molds common.
(JE29,28,27,26,25,24,23)

JE-12

* Dolostone, medium-crystalline, moderately to very argillaceous; greenish gray; bioclastic
packstone to grainstone mixed with clay due to bioturbation; less argillaceous than the unit
below; rich in trepostome bryozoans; some grainstone beds show low angle cross lamination;
weakly bioturbated; terrigenous silts present; hardgrounds common.

(JE22,21,20,19)

JE-11 - ‘

Dolostone, medium-crystalline, shaly to shale; green; shaly bioclastic packstone with
intercalating grainstone beds; shaly material occur as burrow fillings as well as mm-thick
partings between beds; some grainstone beds are laminated; moderately to strongly
bioturbated by 2-5 mm-wide burrows filled with shale;brachiopods and trepostome
bryozoans abundant, corals present; bounded above by a prominent hardground.
(JE19,18,17,16)
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JE-10

Dolostone, fine- to medium-crystalline; light brown; white chert nodules abundant in the
lower part; irregularly distributed vesicular to vuggy pores; fossiliferous mudstone to
wackestone; contains brachiopod molds and crinoids; porosity increases upward; weakly to
moderately bioturbated; terrigenous silts present in less than 1 % proportion; occasionally
lamination observed within chert nodules; a very prominent hardground present on top of
the unit.

(JE15,14)

JE-9

Dolostone, fine- to medium-crystalline, slightly argillaceous; moderately to pervasively
bioturbated by 2-56 mm-wide Chondrites burrows; gradually more bioturbated upward;
mudstone; very thin (<1 cm) bioclastic grainstone lenses present locally.

(JE13)

JE-8

Dolostone, very fine-crystalline, slightly argillaceous to carbonate; gradually less
argillaceous upward; brown to tan; contains locally white chert nodules in the upper part;
the chert nodules are rounded and laterally elongated and are 2-5 cm-sized in short axis;
slightly bioturbated mostly by horizontal burrows, less than 0.5 cm in diameter; mudstone.
(JE12)

JE-7 :
Dolostone, fine- to medium-crystalline, slightly argillaceous; medium gray; strongly
bioturbated by 2-5 mm-wide, dark gray mottled burrows; mudstone.

JE-6

Dolostone, very fine- to fine-crystalline, carbonate; light purplish gray; weakly
bioturbated by 2-5 mm-wide dark gray burrows; mudstone; contains irregularly
distributed vesicular pores. '

(JE11)

JE-5

Dolostone, fine- to medium-crystalline, moderately to very argillaceous with 0.5-1 cm-
thick argillaceous seams; gradually less argillaceous upward in the upper part; greenish
gray to light brownish gray; fossiliferous mudstone to wackestone with occasional thin-
bedded grainstone beds, less than 5 cm thick; moderately to strongly bioturbated by 1-4
mm-wide Chondrites burrows; fauna consists of brachiopods, bryozoans, and trilobites;
contains terrigenous silts less than 1 % in proportion.

(JE10,9,8,7)

JE4 v

Dolostone, very fine-crystalline, slightly to moderately argillaceous; 0.5-2 cm-thick wavy
argillaceous seams in 5-20 cm intervals; medium gray; weakly bioturbated by 3-8 mm-
wide dark gray mottled burrows; fossiliferous mudstone containing brachiopod molds;
bounded above by a very prominent hardground.

(JE5,6)
JE-3




